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     This thesis reports the development and applications of novel liquid-phase
microextraction (LPME) techniques on the analysis of environmental pollutants and
drugs in biological fluid. The focus was on the development of fast, economical, and
efficient sample preparation methods that were also compatible with specific
analytical instrumentation to address problems linked to the handling of relatively
dirty matrices. The latter are often encountered by traditional methods such as liquid-
liquid extraction (LLE), solid-phase extraction (SPE), and also the more newly
developed solid-phase microextraction (SPME). The novel LPME techniques
considered in this work included headspace LPME, membrane-based LPME and
three-phase LPME.
     Section 2 introduces two novel types of two-phase LPME, i.e. headspace LPME
and membrane-based LPME. In headspace LPME, a conventional gas
chromatography (GC) microsyringe was used as both a micro-separatory funnel for
extraction and microsyringe for injection of the extractant into a GC for analysis. In
this procedure, an organic solvent film was generated with the movement of the
organic solvent plug in the syringe barrel. The analytes in gaseous sample partitioned
into the film quickly, following which the analytes enriched in the film diffused into
the bulk solvent when the plunger was depressed. This dynamic headspace LPME
provided limits of detection in the range of 6-14 ng/g for five chlorobenzenes in soil
sample with repeatability of 5.70 –17.7 %, and reproducibility of <12%. The most
important advantage was that, unlike drop-based headspace LPME, the solvent
selection in the present work was more flexible because the small space of the syringe
barrel limited the evaporation of the extraction solvent. Many common organic
vii
solvents used for GC with low boiling points and high vapor pressures can also be
employed. Thus, the present method extended the application of LPME. In addition,
direct solvent drop LPME developed in our laboratory was applied to analyze
herbicides in aqueous samples.
     In membrane-based LPME, hollow fiber-protected LPME (HFP-LPME) was
developed in which a polymer hollow fiber membrane in a tube configuration was
used as an extraction interface between the sample and the organic solvent. The
polypropylene hollow fiber impregnated with organic solvent functioned as a barrier
that allow small molecules to penetrate into the solvent but prevented the passage of
large molecules such as protein, humic acids, and other particles. Since the extraction
surface (the organic solvent) had a large surface area to volume ratio, it allowed
higher enrichment factors (45- to 245-fold) for triazines compared to drop-based
LPME, whose enrichment factors were in the range of 19- to 42-fold. Hollow fiber-
protected LPME was applied to environmental pollutant analysis and drug analysis.
Twenty pesticides and polynuclear aromatic hydrocarbons (PAHs), were used as test
substances to investigate the application of HFP-LPME. Various parameters such as
organic solvent selection, the salting-out effect etc., were tested. The results indicated
that the procedure was a viable monitoring method for environmental pollutants
present in aqueous sample. In drug analysis, the method was employed to extract
anaesthetics, which are basic drugs, in human urine. Special attention was paid to the
deproteinization procedure. Two deproteinization reagents were investigated, salt and
trichloroacetic acid. The results indicated the method was effective as a selective
extraction procedure for drugs from biological matrix, i.e. it effectively eliminated the
effect of protein or other large molecules in urine.
viii
     In section 3, a new approach of three-phase LPME is reported. This model of
microextraction involved an acidic acceptor solution, an organic phase, and a basic
donor solution in a conventional HPLC syringe. This is in contrast to the use of
hollow fiber membrane as described in previous work (see references given in
Introduction). The basic drug, trimipramine, the three-cycle antidepressant, was used
as a model compound to examine the possible application of this method in biological
analysis. Two principles were assumed to occur during extraction. The first was film
extraction. When the plunger was withdrawn quickly, an organic solvent film was
formed on the syringe wall which permitted very fast extraction. The second
assumption was diffusion. In this procedure, the analyte in the donor solution diffused
through the organic solvent segment and entered the acceptor phase. The advantage of
the procedure was that the extraction and injection performed in one device, making
the process convenient. Also the procedure used very little solvent and was rapid. The
method gave out good precision (%RSD = 4.4) and good linearity in the range of 0.1
– 10 µg/mL (r2 = 0.9992). The limit of detection calculated by signal-to-noise at 3
(S/N = 3) was 0.015 µg/mL. Although it was less sensitive than traditional liquid-
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1Chapter 1. Microextraction Techniques
1.1. Historical Development of Microextraction Techniques
     In analytical chemistry, there are several critical steps: sampling, sample
preparation, separation and quantitation, statistical evaluation, decision, and finally,
action [1]. It is very important for each of above steps to lead to accurate results.
Among these steps, sample preparation is probable the most important because of
three reasons. Firstly, it is related to the precision of the method, which involves the
possible loss of target compounds and unintentional introduction of contaminants.
Secondly, there is the question of whether the preparation can provide clean sample
for chromatographic analysis (selectivity). And finally, it is important to know the
sample preparation is effective to supply concentrated analytes which can be
measured by the method chosen for the real analysis, i.e. high sensitivity.
     Good sample preparation methods should have the following features:
(1) They should consume low quantities of organic solvents, to reduce
exposure to toxic compounds, and also produce less waste.
(2) They should be easily operated and automated, and compatible with
various instruments.
(3) They should allow large sample throughput.
(4) They should have high selectivity and be less affected by matrices.
(5) They should be economical and be time-efficient.
     Generally, conventional liquid-liquid extraction (LLE) and solid-phase extraction
(SPE) can be used to solve most of the problems in analytical chemistry [2-7].
However, the disadvantages of LLE and SPE can be considerable, the LLE especially
is time-consuming and labor-intensive (although in some cases it can be automated).
Furthermore, the consumption of organic solvent is high. The procedure also involves
2manual operations which often lead to analyte loss and the introduction of
contaminants, especially during solvents evaporation and subsequent extract
reconstitution. SPE does not use as much solvent as LLE but usually needs a degree
of operator expertise. Operations can be complicated and solvent evaporation to
concentrate the extract is also needed. Also, these traditional extraction techniques are
not easy to automate without significant expense.
     Over 75% of analysis time is normally spent on sampling and sample preparation
steps. Thus developing a simple, solvent- and labor-minimized, and automatic sample
preparation method is relatively important in comparison to development of
instrument analysis. Despite its importance, however, sample preparation has often
been given short shrift, since the primary focus on improving the performance of
analytical techniques generally has, until very recently, been on the detection or the
chromatographic separation of analytes rather than on ensuring the analytes are in the
proper form to be analysed and are truly representative of how they occur in the real
world.
     The miniaturization of sample preparation techniques has in the past decade been
given great impetus in the drive towards the implementation of green chemistry
principles in chemical processes as well as a need for simplifying the extraction
process (without losing its efficiency), convenience, field sampling and ease of
automation as well as operation, etc. Microextraction is defined as an extraction
technique where the volume of the extracting phase is very small in relation to the
volume of the sample, and extraction of analytes is not exhaustive [8]. Pawliszyn et al
[9] coated very small amount of stationary phase on a fused-silica to develop a new
kind of SPE, solid-phase microextraction (SPME). There are two steps in SPME:
partition of analytes between the coating and the sample matrix, followed by
3desorption into the analytical instrument, typically gas chromatography (GC) or liquid
chromatography (LC) and capillary electrophoresis (CE) (solvent elution). Different
coatings selected provide the selectivity for the extraction of various analytes. At least
three types of SPME modes have been developed: direct, headspace and membrane-
protected SPME. It will not have escaped anyone’s notice that SPME, from the above
description, unlike SPE, is a solventless extraction technique (although when used
with LC or CE analysis, some organic solvent is needed for the elution of the
adsorbed analytes). It can be easily automated. Since it was developed, it has been
used successfully in many fields, such as environmental chemistry, food science and
for biological analysis [10-18].
     As far as LLE is concerned, many new miniaturization approaches have also been
developed. In this field, the main work is focused on easy operation, automation and
reducing the amount of the toxic organic solvents used, and improving the selectivity.
Various types of miniaturization techniques, such as solvent microextraction (SME)
which includes a back-extraction step, flow injection extraction (FIE), single drop
extraction, and membrane based liquid-phase microextraction (LPME), have been set
up and successfully used in different areas, especially in biological analysis [19-21].
These techniques generally provide simple operation, and can achieve high selectivity
and sensitivity. In the following pages, attention will be paid to these procedures.
1.1.1. Miniaturization of LLE
1.1.1.1. SME
     Efforts at miniaturizing the LLE extraction procedure have been directed towards
the reduction of the solvent to aqueous phase volume ratio. FIE was first developed
by Karlberg and Thelander [22], and by Bergamin et al [23] in the same year to
miniaturize LLE. In this method, extraction is quantitative and analyte determination
4is performed by measuring optical absorption in the organic phase. In a typical FIE
procedure, an aqueous sample is introduced into an aqueous carrier stream. Organic
segments are continuously inserted into the stream and the segmented stream passes
through a coil where extraction occurs. In comparison to conventional LLE, FIE
provides high speed, low cost and reduced solvent/sample consumption. However, in
this method the organic solvent used was still several hundred micro liters per
analysis which leads to problems of deposition/adsorption of the particles or dyes on
the optical cell windows during analysis [24]. Murray [25] developed another type of
SME system in which 200 µL of organic solvent was involved. More recently, SME
with a smaller amount of organic solvent (< 200 µL) and relatively larger aqueous
sample was developed [26-28]. In 1996, Liu and Dasgupta [24] reported a novel SME
method called a drop-in-drop system where only ~1.3 µL of water-immiscible organic
solvent suspended in a larger aqueous drop was used. The aqueous phase out of the
organic drop containing target analytes was continuously delivered and aspirated
away throughout sampling. After a period of extraction, the organic drop was pumped
away and the analytical cycle could be repeated. At the same time, solvent microdrop
extraction was reported by Jeannot and Cantwell [29]. The solvent drop was
suspended on a Teflon rod, and after extraction the extract was taken up into a syringe
and injected directly into GC for analysis. The same authors [30] extended the above
technique by using of 1 µL of n-octane on the microsyringe needle tip. The extract,
withdrawn back to the microsyringe after extraction, was injected into the GC
subsequently. In this procedure, a very low phase ratio was used. Cantwell et al [31]
further developed the combination of microextraction with a solvent film, with back
extraction into a micro-drop. The acceptor phase was a 0.5-1 µL of aqueous micro-
5drop suspended in a 30 µL of n-octane liquid membrane confined in a Telfon ring.
The method provided convenient preconcentration and clean-up.
     In 1997, a new concept of SME, liquid-phase microextraction (LPME), was
introduced by He and Lee [32]. Two modes of LPME were developed, named as
static and dynamic LPME. In the former mode, 1 µL of solvent drop on the
microsyringe needle tip was immersed in the aqueous sample. In dynamic mode, the
microsyringe was used as a micro separatory funnel and featured the repeated
movement of the syringe plunger. When the plunger was withdrawn up, a solvent film
was generated on the inner wall of the syringe. The analytes in the aqueous phase
partitioned into the film quickly, which, afterward, would diffuse into the bulk
organic solvent upon expulsion of the aqueous aliquot from the syringe barrel. The
comparison between static and dynamic LPME indicated that the latter was faster and
provided higher enrichment factors. Furthermore, the author proposed that dynamic
LPME could be potentially developed into an automated process by using a
conventional GC or HPLC autosampler. Today, the term LPME also describes a
recently developed microextraction technique using a new disposable device [33-36].
     Nowadays, various SME techniques have been applied widely and successfully in
analysis of environmental samples and biological samples. It is reasonable to predict
that the SME will become more and more popular.
1.1.1.2. Membrane-Based LPME
     Many analytical procedures require that sample preparation techniques are able to
effectively extract the target compounds from relatively “dirty” matrices, especially
biological matrices, such as urine and plasma. One reason is that these dirty matrices
may affect the extraction efficiency; another is that the undesirable compounds in
matrices coextracted may affect the subsequent analysis. Therefore, the combination
6of both cleanup and enrichment sample preparation procedures is preferred. In most
SME techniques, the acceptor phase (extracting solvent) is in direct contact with the
donor phase (aqueous sample), resulting in poor sample clean-up.
     In order to address the above difficulties, membrane-based LPME techniques have
been developed. According to the membrane used, there are two types of such
techniques. One is porous membrane extraction where the liquid on each side of the
membrane are physically connected through the pores. The low molecular mass
analytes can be separated from the high molecular mass analytes, leading to an
efficient cleanup procedure but no discrimination between small molecules. In this
procedure, no enrichment occurs; instead, the analytes are diluted as the driving force
of the mass transfer process is a simple concentration difference over the membrane
[37]. Therefore, this is strictly not a preconcentration technique.
     The more useful membrane extraction is non-porous membrane extraction
technique, such as supported liquid microextraction (SLM). The nonporous
membrane is a liquid or a solid phase that is placed between two other phases, that,
generally are liquid. Two phases are placed on each side of the membrane. One is the
donor phase containing target analytes; on the other side is the acceptor into which the
analytes can be extracted and concentrated, and transferred to an instrument for
analysis. This designation allows the versatile chemistry of LLE to be used and
extended, which can provide a highly effective cleanup as well as high enrichment
factors, and technical operations can easily be automated [37].
     SLM sample preparation was first introduced by Audunsson in 1986 [38]. It can be
regarded as a combination of two-step LLE with dialysis. In this procedure, the
organic solvent is held by capillary force in the pores of a hydrophobic porous
membrane, and the liquid membrane is actually the liquid in these pores. These
7organic solvents are typically long-chain hydrocarbons or relatively more polar
compounds like dihexyl ether. Sometimes, additives will be added to the organic
phase in order to increase the extraction efficiency significantly. The most attractive
advantages of SLM are high selectivity, high enrichment factors, and easy automation
with analytical instruments. But the drawbacks are that, on one hand, the high
hydrophobic analytes cannot be extracted by SLM since the extraction procedure is
aqueous-organic-aqueous. On the other hand, the maximum extraction efficiency for
SLM relies on the degree of trapping. Therefore, higher enrichment factor is very
difficult to achieve.
     In 1998, another type of membrane-based microextraction technique termed
microporous membrane liquid-liquid extraction (MMLLE), which was regarded as
complementary to SLM was developed [39]. The MMLLE is carried out in the same
device as used in SLM. The difference lies in that the MMLLE is two-phase
extraction system in which only aqueous and organic solvent are employed. The
organic solvent partly impregnates the pores in the membrane and another part is in
the acceptor channel. Two modes of MMLLE has been developed, in one, the
acceptor is stagnant. In the other, the acceptor is flowing. Obviously, the latter can
provide more efficient enrichment since the extracted analytes can be removed by the
flow. Compared with SLM, MMLLE just compensates for the drawbacks of SLM
with respect to the extraction of high hydrophobic compounds. Its extraction
efficiency is limited by the partition coefficient. Thus high enrichment factors can still
be obtained although only the stagnant mode and a small extract volume are
employed. If the partition coefficient is smaller, the acceptor can be moved by slow
pumping in order to maintain the diffusion through the membrane. Meanwhile,
MMLLE is more easily automated with GC and normal-phase HPLC since the extract
8ends up in the organic solvent, not in aqueous phase. One disadvantage however, is
the potential carry-over effect because of the repeated use of the membrane.
     In the following year, Pedersen-Bjergaard and Rasmussen [40] demonstrated a
novel membrane-based extraction technique of sample preparation for capillary
electrophoresis (CE). In their work, the basic principle of SLM was integrated into a
simple, inexpensive, and disposable extraction unit for liquid-liquid-liquid
microextraction (LLLME) using polypropylene hollow fiber as the membrane. The
hollow fiber was firstly dipped in organic solvent for impregnation; secondly, the
impregnated hollow fiber was flushed by air to remove the excess organic solvent
from the inside of the fiber; thirdly, the acceptor solution (aqueous) was introduced;
and finally the hollow fiber was placed in the sample. The advantages of LLLME are:
(1) high sample throughput because large number of samples can be prepared
simultaneously; (2) the extraction unit used in LLLME is disposable which means
cross-contamination and carry-over effect are totally eliminated.
     Nowadays, SME and membrane-based LPME techniques have become more and
more popular for determinations of organic and inorganic compounds in
environmental matrices and biological fluids [41-45]. The membrane techniques
should have larger potential for use than what is reflected in the actual situation [37].
This is because a new technique requires a long time to be accepted, especially as
potential economical advantages with a new technique have to be balanced against the
considerable costs for validation and standardization, etc. Moreover, popular
application is dependent on the commercial availability of instruments. Compared
with traditional sample preparation techniques, SME and membrane-based LPME
have obvious advantages of selectivity, enrichment and possible automation with
9various chromatographic techniques. Therefore, they have a potentially large
applicability to many fields [37].
1.2. Principles and Applications of SME and Membrane-
Based LPME Techniques
1.2.1. Principles
     The microextraction process is driven by the concentration differences of the
analyte in these two phases until thermodynamic equilibrium is obtained or is stopped
in exact extraction period.
                       Aa ↔ Ao (for solvent-drop microextraction)                         (1-1)
                       Aa ↔ Ao ↔ Aa’ (for membrane-based LPME)                     (1-2)
where Aa refers the analyte in the aqueous sample (or in the donor phase for
membrane-based microextraction), Ao is the analyte in the organic phase, and Aa’ is
the analyte in the acceptor phase in membrane-based microextraction.
     Accordingly, the amount of analytes in the organic phase and the aqueous phase
should be equal to the original amount in the aqueous sample:
                       CaoVao = CaVa + CoVo                                                             (1-3)
Cao, Ca and Co are the original concentration, the concentration after extraction in the
aqueous phase, and the concentration of the analyte in organic phase, respectively; Vo,
Vao, Va are the corresponding volumes.
     The dynamic mass balance of the analyte in the micro-drop is expressed as follows
[29]:
                       
dt




aa CCK − ]                                           (1-4)
10
where iA  is the interfacial area, Ka is the equilibrium partition coefficient and 
o
totk  is
the overall mass transfer coefficient of the analyte with respect to the organic phase.
The above equation can also be given as:





V0  + 1)                                                          (1-5)
where k is the rate constant, and κ is the distribution coefficient. Therefore, it can be
seen from the above equation that the extraction rate is proportional to interfacial area,
and to overall mass transfer coefficient. Thus Ai/Vo increases as Vo decreases and
therefore k increases (this is true only when Vo/Vaq is small) [29].
     If the organic solvent volume is constant, increasing the interfacial area of the
organic solvent will lead to effective extraction. In work on droplet extraction of gas
samples [46,47], it was found that a spherical or ovoid shape was not preferred in
terms of extraction speed because of the small surface/volume ratio. Thus U-shaped
wire loops were employed to generate film-like droplets for fast extraction. He and
Lee [32] utilized a similar configuration. Rod-shaped organic solvent inside the
syringe channel was used to form a film on the syringe channel wall. Since the radius
of the syringe channel was very small, the surface area of the organic solvent profile
was negligible compared with that of the organic solvent film (OSF) (the ratio >200 in
this experiment). Therefore, the mass transfer of the chlorobenzenes, the analytes
considered here, was assumed to occur only between the aqueous sample and the
OSF. This procedure was shown to be very fast.
     In the solvent-drop microextraction, the film theory was assumed and tentatively
interpreted [30]. The uniform, instantaneous, and complete convective mixing exists
in the bulk solution at some distance δ cm away from the liquid-liquid interface. The
liquid layer of thickness δ, called the Nernst diffusion film, is postulated to be
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completely stagnant and nonconvected, so that a sample molecule crosses it by pure
diffusion only. At steady state, the aqueous phase mass transfer coefficient is given
by:
                      β = Daq/δ                                                                                  (1-6)
     Therefore, under stirring, δ decreases, which leads to an increase in β. The
experimental results obtained by Jeannot and Cantwell indicated that the thickness of
the film decreased linearly with an increase in stirring speed. Accordingly, stirring is
necessary in solvent drop extraction in order to obtain fast extraction.
     As mentioned previously, the neutral and extractable species should be formed in
the donor phase for SLM. These species can be extracted by the liquid membrane and
then further partition into another phase (acceptor) by controlling the pH. This
procedure can be regarded as a combination of extraction into an organic solvent
followed by a back-extraction into a second aqueous phase. However, as these two
extraction steps occur simultaneously, the mass-transfer kinetics will be different, and
generally more efficient, compared to the situation when the steps are performed in
sequence in separatory funnels. As described in some reports [48,49], the mass
transfer from donor phase to acceptor is proportional to the concentration difference,
∆C, over the membrane, which can be written:
                       ∆C = αDcD - αAcA                                                                   (1-7)
where cD and cA are the concentrations in the donor and acceptor phase, respectively,
and αD and αA are the fractions of the analytes that are in extractable form in the
indicated phase. Usually, αD is close to unity and αA is a very small value. The value
cA is zero from the beginning of the extraction and increases successively, usually to
values well above cD. The maximum concentration-enrichment factor possible is
obtained when ∆C eventually reaches zero:
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                       Ee(max) = (cA/ cD)max= αD/αA                                                    (1-8)
     During SLM there are two conditions affecting the extraction rate: one is
membrane-controlled extraction, and another is donor-controlled extraction. In the
former conditions, the rate-limiting step is the diffusion of the analytes compound
through the membrane. The mass-transfer coefficient is proportional to KDM/hM,
where K is the partition coefficient, DM is the diffusion coefficient in the membrane
and hM is the thickness of the membrane. In the latter case, the mass-transfer depends
on the diffusion coefficient in the donor phase and its flow conditions. When K >10,
the donor-controlled extraction will limit the extraction, while it is membrane-
controlled extraction if K<1. When the partition coefficient is reasonably large, it will
no longer affect the extraction efficiency.
     If a microporous membrane is used, such as a hydrophobic polymer membrane, an
organic solvent can be used as the acceptor and impregnation solvent. This is then
two-phase liquid phase microextraction. The analytes will partition between the
aqueous sample and the organic solvent. When the extraction is in equilibrium, the
following equation can be obtained:
                      E = 1 – FD/(FD + FAK)                                                            (1-10)
Where FD and FA are flow rates of the donor phase and the acceptor phase
respectively. As seen from this equation, the larger the distribution coefficient, K, the
higher the extraction efficiency. However, due to the dilution of the analyte, the
acceptor flow leads to a smaller enrichment factor, Ee:
                       Ee = 1 /(1/K + FA /FD)                                                            (1-11)
Therefore, the enrichment factor reaches a maximum value at a small acceptor flow
rate:
                       Ee(max) = K                                                                               (1-12)
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Another equation that expresses the relationship between the volume of donor phase
and acceptor phase when acceptor flow rate is zero is
                       Ef = 1/(1/K + Vo/Va)                                                                (1-13)
This equation indicates that decreasing the volume ratio of the acceptor and the donor
phases can increase extraction efficiency.
1.2.2. Applications to Environmental, Biological, and Food Analysis
     As described, a primary aim of the development of SME is to miniaturize
conventional LLE in order to amplify the organic solvent and aqueous phase ratios.
Accordingly, two modes of SME have been developed: extraction to a solvent drop,
and to a liquid film. All these techniques have been successfully used to extract
pollutants in environmental matrices, and for biological and food analysis.
     Chlorobenzenes in aqueous samples were determined by LPME developed by He
and Lee [32]. For the static mode, i.e. solvent drop, 1-µL of micro-drop was exposed
directly to the sample. 15-min extraction time provided 12-fold enrichment. The
precision was 9.7 %. Higher enrichment and faster extraction were obtained by using
the dynamic mode in which chlorobenzenes were extracted into the organic solvent
film. In this procedure, 3-µL of toluene was withdrawn into the syringe channel and
the needle tip was immersed under the aqueous phase. When the plunger was
withdrawn, the film was generated on the syringe barrel wall where analyte
partitioning took place. As the plunger was being depressed, the enriched solvent film
is combined with the bulk solvent. This repeated movement over a 3-min extraction
could provide 27-time enrichment factor with RSD 13%. Dynamic LPME could be
used for seawater samples, but salt adversely affected the extraction [50].
     In another piece of work, 11 organochlorine pesticides were analyzed by SME
[51]. A 2-µL organic solvent drop was employed and the extract was directly injected
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into the GC. This method was further developed with fast GC. The organochlorine
pesticides were screened in less than 9-min.
     Nitroaromatic explosives in groundwater and tap water were also determined by
SME. Good precision and limits of detection were obtained [52].
     The applications for membrane-based techniques seem more popular. The reasons
are that they give excellent selectivity and can represent a clean-up procedure, which
means these techniques can be used in more complicated matrices directly, especially
for biological matrices.
     The basic drug amperozide was extracted by SLM and analyzed by LC from water
and blood plasma. High selectivity could be achieved [53]. Similar results have also
been obtained for other drug analysis by using SLM-GC, and capillary electrophoresis
(CE) [39,54].
     Amino acids were successfully extracted by membrane-based LPME [55-57]. The
extraction is more complex than other since amino acids have zwitterionic properties.
Because of this, amino acids are charged at all pH values which makes it difficult for
direct extraction. It is hence necessary to derivatize the analytes, or ion-pairing
reagents need to be used. Di-2-ethylhexyphosphoric acid (DEHPA) dissolved in
membrane liquid was used as ion-pairing reagent to extract amino acids and
afterwards transported to the stagnant, more acidic acceptor.
     Metal ions in environmental and biological samples were also extracted by adding
specific reagents such as 8-hydroxyquinoline into the donor phase to form complexes
with the cations, and then measured by atomic absorption spectrophotometry [58,59].
     Some applications of membrane-based LPME in food analysis have been also
reported. Vitamin E in butter has been analyzed by polymer membrane extraction
(PME) and followed by HPLC with electrochemical detection [60]. SLM was
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extended to semi-solid or solid samples, and analytes such as nicotine in snuff [61],
vanillin in chocolate [62] and caffeine in coffee and tea [63] have been successfully
extracted.
     As seen from these applications, SLM and membrane-based LPME can provide
both selective enrichment and clean-up, dependent on the experimental aims. The
procedures can be utilized in quantitative analysis for real samples such as blood
plasma.
1.3. Hyphenation and Automation
     One of the most significant advantages of SME or membrane-based LPME is the
online possibilities. Although, as mentioned, LPME can be potentially automated,
solvent-drop microextraction, compared with membrane-phase microextraction
techniques, has not been performed on-line. Both on-line and off-line membrane-
based microextraction techniques have been used widely.
     Several automatic systems have been developed:
(1) Flow systems for membrane-HPLC interfacing. This system is similar to flow
injection analysis (FIA) systems. The membrane extraction unit can be
considered as an accessory to FIA in the same way as a dialysis cell or a gas
permeation cell, which are commonly used in FIA [64-66]. This system is
typically used in environmental applications for extraction of relatively large
amounts of natural water with large membrane units.
(2) Robotic systems for membrane-HPLC interfacing. This system is suitable for
handling samples with volumes of < 1mL, especially biological samples. In
this system, an autosampler and a syringe pump are used.
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(3) Systems for membrane-GC interfacing. SLM-GC [67] and MMLLE-GC [68]
are being developed with an organic solvent as acceptor which can be injected
directly into the GC. Recently a device called extraction syringe (ESy) has
been described [69].
(4) Systems for interfacing membrane extraction with other analytical instruments.
Flow systems incorporating SLM or other membrane extraction devices have
also been connected to atomic absorption spectrophotometry [70]. Moreover,
connections of membrane extraction devices to simple analytical instruments
[20,63,71,72] have also been described.
1.4. Comparison of SME, Membrane-Based LPME and
Other Sample Preparation Methods
1.4.1. Comparison Between SME and Membrane-Based LPME
     As described in the above discussion, there are some common points between
SME and membrane-based LPME. However, these individual microextraction
techniques have their own advantages and disadvantages:
(1) LPME techniques can be automated.
(2) SME, compared with membrane-based LPME, is a much faster and easier
procedure. Because for each extraction, a new acceptor is used, carryover
effects that exist in membrane-based LPME can be eliminated entirely.
(3) In SME, the organic solvent is in direct contact with the sample. Therefore, if
“dirty” samples are used, the undesirable components will be coextracted.
Thus compared with membrane-based LPME techniques, the selectivity is not
good, i.e. it does not provide sample cleanup.
(4) SME and micro porous membrane liquid-liquid extraction (MMLLE) are only
suitable for extracting neutral compounds which cannot be extracted in SLM.
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SLM works well for charged analytes. Therefore, for membrane-based LPME,
MMLLE is a complementary to SLM.
(5) The maximum concentration enrichment for SME and MMLLE is limited by
the partition coefficient. However, in SLM, it relies on the degree of trapping.
(6) For SME and MMLLE, extract is an organic fluid. Therefore, they are more
suitable to GC and normal-phase HPLC. SLM is more compatible with
reversed-HPLC and CE.
(7) Basically, membrane-based LPME can suffer better stability than SME
because of the membrane barrier.
1.4.2. Advantages over Other Sample Preparation Techniques
     Compared with other sample preparation techniques, such as SPE, SPME and
LLE, SME and membrane-based LPME provide obvious advantages over them.
(1) They are simpler to operate, being basically one-step extraction techniques.
No post-treatment prior to analysis is needed.
(2) Compared with SPE and LLE, SME and membrane-based LPME use very
small amounts of organic solvent, which reduce the risk to environment and
analyst.
(3) Membrane-based LPME techniques provide higher selectivity and cleanup
than SPME, SPE, and LLE. Therefore, they are more suitable for complex
matrices.
(4) In SPME, the stationary phase tends to degrade with increased usage. This
makes the peaks possibly coelute with the target analytes, thus affecting the
precision. No such problem exists with SME and membrane-based LPME.
(5) They are more convenient to automate and can be connected on-line to many
analytical instruments such as GC, HPLC.
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(6) They are inexpensive and have large sample throughput.
1.4.3. Disadvantages of SLM and Membrane-base LPME
     One disadvantage, because of the employment of organic solvents, is the stability
of solvents, i.e. evaporation and miscibility. This is obvious for SME. Solvents with
high boiling point and immiscibility with water should be used. Thus, in the present
work octanol is generally used. However, from the practical viewpoint, octanol which
is used popularly in many works may not be the best solvent because it gave out the
poor chromatogram which interfered the target analytes seriously. Therefore, the
selection of organic solvent limits the application of SME, especially droplet SME.
Also, in droplet SME, the solvent drop suspending attached to the syringe tip is easily
affected by matrix, such as particles, which can cause the drop to detach from the
needle.
     For membrane-based LPME, several disadvantages should be considered and
addressed. One is the stability of the liquid membrane. The pressure difference must
be very low, and it should also be immiscible with water. Carryover effects are also
significant. Unlike SME, in membrane-based LPME, the membrane is generally
reused for many extraction cycles. Therefore, carryover effects are inevitable. This
effect can generate poor precision. Third, the extraction time for membrane-based
LPME is relatively long because the use of the membrane leads to slow mass transfer.
This has to be balanced with the higher selectivity and convenience obtainable.
Finally, they are only applicable to certain analyte classes at a time and that it is often
necessary to perform a number of optimization experiments before real applications to
practical problems can be realized.
1.5. Scope of the Project
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      Although SME has been shown to be a fast and economical sample preparation
technique, its inherent disadvantages limit the application to many real samples,
especially some dirty matrices since it cannot provide enough cleanup extract. One
solution is to employ headspace procedure which is similar with SPME. However, the
relatively low boiling points of organic solvents makes the headspace mode almost
impossible unless solvents with low vapor pressure are employed. Undoubtedly, this
limits the selection of suitable organic solvents. Hence, major objective of the present
work was to develop a novel type of SME, termed headspace liquid-phase
microextraction (HS-LPME) by which SME was extended to determine volatile
compounds from soil even with organic solvents with high vapor pressure.
     Additionally, new type of membrane-based LPME termed hollow fiber-protected
LPME was developed and applied to environmental pollutant analysis and biomedical
analysis.
     Finally, three-phase LPME occurring in a syringe barrel was implemented. The
acidic acceptor inside an HPLC syringe barrel was separated from the basic donor by
a portion of the organic solvent. The dynamic procedure not only provided refreshed
donor phase, but also generated an organic solvent film which enhanced the extraction
speed. This technique was employed to extract antidepressant drugs in biological
fluid.
     These newly developed sample preparation techniques provided faster and more
selective cleanup with the potential of being automated.
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Chapter 2. Solvent Microextraction Techniques:
Headspace Liquid-Phase Microextraction and
Solvent-Drop Liquid-Phase Microextraction
2.1. Introduction
     Methods for the collection and analysis of soil sample from sites where
contamination are present continue to be actively studied. Most of these analytical
methods are based on classical techniques such as Soxhlet extraction or sonication.
These methods however, have many disadvantages: (1) time-consuming; (2) labor-
intensive; (3) need an extensive clean-up and sample concentration step; (4) require
considerable volumes of toxic and expensive organic solvents which are undesirable
for health and disposal reasons.
     Therefore, recent works on sample preparation have focused on the development
of simpler (preferably one-step), solvent-saving (even solvent-free), selective,
miniaturized, and automatic or semi-automatic approaches.
     Solid-phase microextraction (SPME), solvent microextraction (SME) and
membrane-based LPME are recent examples of such developments. SPME is a
solvent-free process developed by Pawliszyn and co-workers [1] that includes
simultaneous extraction and preconcentration of analytes from aqueous samples.
SPME is available commercially. Fiber coatings or adsorbents used for extraction
include polydimethylsiloxane (PDMS) and polyacrylate (PA). SPME is based on the
partitioning of analytes between sample matrices and the adsorbent on a silica fiber.
At least three modes of SPME have been developed: direct-immersion [2-4],
headspace [5-7], and membrane protected SPME [8]. Headspace SPME in the
analysis of VOCs or semivolatile compounds in solid matrices has two advantages.
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Firstly, the equilibrium time is only a few minutes. Secondly, the samples from
virtually any matrix can be analyzed since the fiber is not in direct contact with the
sample. Some reports [9-11] about headspace SPME of chlorobenzenes in soil
demonstrated these two advantages. The methods provide good precision and low
limit of detection (sub-ng/g level).
     SPME has achieved tremendous success and has been widely used for drugs, food
and environmental pollutants [12-17], and is regarded as a rugged, sensitive and
accurate method. The disadvantages are that it is still relatively expensive and the
polymer coating is fragile and easily broken. Furthermore, sample carryover is
sometimes difficult or impossible to be eliminated [18].
     In recent years, SME has been shown to be a viable alternative sample preparation
method to conventional LLE [19-25]. It requires smaller volumes (e.g. 200 µL or less)
of organic solvent to extract analytes from moderate amounts of aqueous matrices. In
our laboratory, two new types of SME techniques have been developed: static and
dynamic liquid-phase microextraction (LPME) [26], in which the extraction was
performed in an organic drop of solvent (static LPME) or within the microsyringe
barrel (dynamic LPME). After extraction, the extract could be directly injected into a
gas chromatograph (GC) for analysis. Both procedures were shown to be fast and
economical and involved simple one-step microextraction approaches.
     Unlike SPME, it is difficult to use SME for headspace extraction because almost
all the popularly used organic solvents in gas chromatography (GC) have high vapor
pressures, which result in them evaporating too quickly in air. Theis et al [27]
reported droplet headspace SME where octanol which has a very low vapor pressure
(9.33 Pa) was employed. Obviously, the selection of suitable organic solvents is
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limited since the vapor pressure of the solvent rather than its extraction efficiency
may be a prime consideration.
     In the present work, we studied a new approach of LPME – headspace LPME (HS-
LPME). Extraction of chlorobenzenes in soil was carried out to evaluate the newly




     1,3,5-Trichlorobenzene (TCB), 1,2,3,4-tetrachlorobenzene (1,2,3,4-TeCB),
1,2,4,5-tetrachlorobenzene (1,2,4,5-TeCB), pentachlorobenzene (PCB),
hexachlorobenzene (HCB) and 1,4-dibromobenzene (used as internal standard) were
purchased from Aldrich (Milwaukee, WI, USA). Atrazine (purity 98%), simazine
(purity 99%), propazine (purity 98%), and prometryn (purity 99.5%) were purchased
from Chemservice (West Chester, PA, USA); secbumeton (purity 96%),
sebuthylazine (purity 98.6%), desmetryn (purity 99.5%) and simetryn (purity 99.7%)
were from Dr. Ehrenstorfer GmbH (Augsburg, Germany). Stock standard solutions
were prepared in acetone with concentration levels of approximately 500 µg/mL
(1000 µg/mL for triazine herbicides) for each compound, and were stored in a freezer
at about –20 oC. Working solutions were prepared by dilution of stock standards with
ultrapure water (NANOpure, Barnstead, UK). These solutions were stored in the dark
at 4 oC. The organic solvent acceptor contained an internal standard
(bromochlorobenzene) at 15 µg/L.
     Toluene (HPLC-grade) and cyclohexane (HPLC-grade) were from J.T. Baker
(Phillipsburg, NJ, USA). 1-octanol was purchased from Merck (Darmstadt,
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Germany). Octane (>99 %) was from Fluka (Buchs, Switzerland). Methanol (HPLC-
grade) and acetone (pesticide-grade) were from Fisher Scientific (Fair Lawn, NJ,
USA).
2.2.2. Chromatographic Analysis
0                                               10                                              20                     25 (Min)
Figure 2-1. Headspace LPME of chlorobenzenes in soil. Peak assignment: (1) 1,3,5-
TCB; (2) 1,2,3,4-TeCB; (3) 1,2,4,5-TeCB; (4) PCB; (5) HCB; IS: 1,4-
dibromobenzene.
     For headspace LPME, the analysis of chlorobenzenes was performed on a Hewlett-
Packard 5890 Series II gas chromatograph equipped with an electron capture detector
(GC/ECD). The GC was fitted with ZB-5 capillary column (30m × 0.32mm i.d.,
0.25µm phase thickness) from Zebron (Phenomenex, Torrance, CA, USA). The
following temperature program was employed: 85 oC for 2 min; increase at 8 oC/min
to 110 oC; then another increase at 5 oC /min to 180 oC; finally another ramp at 25
oC/min to 280 oC, final temperature held for 5 min. The injector temperature was 250
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oC and all injections were made in the splitless mode. The detector temperature was
set at 260 oC. Figure 2-1 is a GC/MS trace of five chlorobenzenes in soil after
headspace LPME.
Table 2-1.
Elution order, characteristic ions of triazine pesticides used as identification, and the
linearity expressed as r2.
No. Compound Molecular
Weight
Characteristic ions used as
identification
m/z (relative intensity %)
Linearity
(r2)
1 Simazine 201 201(100), 186(55), 173(43) 0.9974
2 Atrazine 215 215(100), 200(150), 173(45) 0.9979
3 Propazine 229 229(100), 214(172), 172(110) 0.9985
4 Secbumeton 225 225(100), 196(441), 210(107) 0.9992
5 Sebuthylazine 229 229(100), 200(771), 214(111) 0.9994
6 Desmetryn 213 213(100), 198(57), 171(31) 0.9996
7 Simetryn 213 213(100), 170(30), 198(15) 0.9991
8 Prometryn 241 241(100), 226(70), 184(114) 0.9994
     Analysis of triazines was performed on a Shimadzu (Tokyo, Japan) QP5000
GC/MS system. The GC was fitted with DB-5 column (30m, 0.32mm i.d., 0.25 µm
phase thickness) from J&W Scientific (Folsom, CA, USA). Helium was used as the
carrier gas at a flow rate of 1.8 mL/min. The following temperature program was
employed: Initial temperature of 90 oC for 4 min; increase at 25 oC/min to 160 oC,
held for 2 min; then another increase at 2 oC /min to 180 oC; and finally an increase at
20 oC/min to 280 oC, held for 7 min. The injector temperature was 280 oC and all
injections were made in splitless mode. The MS was scanned over the mass range m/z
50-500 to confirm the retention times of the analytes studied. For determination of
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triazines, selected ion monitoring (SIM) was performed. For confirmation of triazines
ions tentatively identified by SIM, two characteristic fragment ions were monitored in
addition to the molecular ion (see Table 2-1). The interface temperature was set at 300
oC. Figure 2-2 (C) shows a typical GC/MS (SIM mode) trace of 8 triazines.
Figure 2-2. GC/MS chromatogram of a spiked reservoir water sample (50 µg/L of
each compound). (A) Chromatogram of blank reservoir water sample (scan mode);
(B) Chromatogram of spiked sample (scan mode); (C) Chromatogram of spiked
sample (SIM mode, 15 µg/L for each compound). Peak assignment: (1) Simazine; (2)
Atrazine; (3) Propazine; (4) Secbumeton; (5) Sebuthylazine; (6) Desmetryn; (7)
Simetryn; (8) Prometryn.
2.2.3. Headspace Liquid-Phase Microextraction
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     A conventional 10-µL microsyringe (SGE, Sydney, Australia) designed for GC
was used. The extraction consists of the following steps:
(1) Withdraw 2 µL of organic solvent into the microsyringe.
(2) Pass the microsyringe needle through the headspace sample vial septum and
keep the needle suspended over the liquid sample.
(3) Withdraw 5 µL of gaseous sample at 1.0 µL/sec, and then depress the plunger
back to the original mark immediately, then hold for 5 seconds. The same
process was repeated 25 times.
(4) Remove the syringe needle from the vial and inject the chlorobenzenes-
enriched organic solvent into the GC for analysis.
     Figure 2-3 shows graphically the extraction process. When the syringe plunger was
withdrawn, a very thin organic solvent film (OSF) was generated on the inner syringe
wall. Most of the solvent remains as a plug against the plunger (see Figure 2-3). The
chlorobenzenes partitioned between the OSF and the gaseous sample drawn in. When
the syringe plunger was depressed, the chlorobenzenes-enriched OSF recombined
with the bulk organic solvent. This operation could significantly increase the surface
area of the interface by using a very small amount of organic solvent, which is helpful
to increase the extraction efficiency.
     Equation (2-1) [28] describes the relation among extraction speed, volumes of the
organic and aqueous solution.
                                 k = 
0V
Ai  β0 ( κ
aqV
V0  + 1)                                                 (2-1)
where V0 and Vaq are the volumes of the organic and aqueous phases respectively, Ai
is the interface area, β0 is the overall mass-transfer coefficient with respect to the
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organic phase, and κ is the distribution coefficient. It is obvious that fast extraction
requires small volumes of organic solvent and aqueous sample, and a high surface
area. In our previous work [29], we described that the extraction efficiency increased
several times (4-5-fold) when the spherical organic droplet was configured into a rod-
like shape. In another piece of work on droplet extraction of gas samples [30,31], it
was also found that a spherical or ovoid shape was not favorable in terms of
extraction speed because of the small surface/volume ratio. Thus U-shaped wire loops
were employed to generate organic films for fast extraction. In the present work, the
rod-shaped organic solvent inside the syringe channel was used to form a film on the
syringe channel wall.
     Besides the OSF, extraction may also occur between the gaseous sample and the
cross-sectional surface of the main organic plug. Since the radius of the syringe barrel
was very small, the cross-sectional surface area of the organic solvent profile was
negligible compared to that of the OSF (the ratio was >200 in this experiment).
Therefore, mass transfer of the chlorobenzenes was assumed to occur only between
the gaseous sample and the OSF.
     The aqueous sample with chlorobenzenes spiked at 10 µg/L was used to optimize
the extraction parameters. The sample was preheated at 40 oC for 15 minutes before
extraction, to force the analytes into the headspace. Heating was maintained during
the extraction.
2.2.4. Solvent-Drop LPME
     A 10-µL microsyringe (SGE Scientific, Sydney, Australia) with an angled-cut
needle tip was used for extraction and injection. The following is a brief description
of the extraction procedure [26].
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(1) After thoroughly rinsing the microsyringe, 2 µL of the same organic solvent
was withdrawn into the mirosyringe.
(2) The syringe needle was passed through the sample vial septum and immersed
in the aqueous sample.
(3) The plunger was depressed to expose 2 µL of organic solvent to the sample.
(4) After a period of extraction, the drop was retracted into the syringe and the
needle was removed from the sample vial.
(5) The extract was injected into the GC/MS for analysis.
Figure 2-3. Diagram of headspace liquid-phase microextraction (HS-LPME). Step 1:
before plunger movement. Step 2: sample withdrawal. Step 3: sample discharge.
     It must be noted that in this procedure, attention should be paid to avoid the
formation of air bubble in the syringe since this not only made the solvent drop
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buoyant but also changed the physical properties of the drop surface and further
affected extraction efficiency and precision. This is discussed below. Figure 2-4
shows the diagram of solvent-drop LPME.
2.2.5. Preparation of Soil Sample
     The chlorobenzene-free soil samples (pH 6.5, organic matter content 4.0%, sand
72.5% and clay 18.4%) were air-dried, pulverized and sieved to a grain size of 2 mm.
50 g of soil was mixed with acetone until the soil sample was completely covered by
the solvent and formed a slurry. Then, an appropriate volume of the standard solution
was spiked into the soaked soil. The bulk of the solvent was slowly evaporated at
room temperature by thorough manual shaking. This sample was kept overnight in the
fume hood to dry it completely. The prepared soil sample was stored in the
refrigerator at 4 oC prior to analysis.
2.3. Results and Discussion
     In this work, headspace LPME and solvent-drop LPME were investigated. Both
methods can be performed in a conventional GC microsyringe, but are different from
each other with regards to the movement of plunger and organic micro-drop. The
newly developed headspace LPME enabled the headspace mode of LPME to be used
with common organic solvents.
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Figure 2-4. Diagram of solvent-drop LPME.
2.3.1. Headspace LPME of Chlorobenzenes in Soil
     Volatile organic compounds (VOCs) or semivolatile organic pollutants such as
BTEXs (bezene, toluene, ethylbenzene and xylenes) or chlorobenzenes are produced
industrially and introduced into various environmental matrices widely: water, soil
and sediments because of their wide usage [9,32,33]. Chlorobenzenes have been listed
as priority pollutants by the United States Environmental Protection Agency (USEPA)
and the European Union.
2.3.1.1. Selection of Organic Solvent
     Careful attention should be paid to the selection of the extraction solvent. Firstly, it
should have a high boiling point and low vapor pressure in order to reduce the risk of
evaporation. Secondly, the solvent should have good chromatographic behavior.
Thirdly, the partitioning coefficient should be high. And finally, the solvent should be
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pure enough to avoid interference. According to these considerations, four solvents,
toluene, cyclohexane, octane and octanol were considered. Among them, octanol is
often employed in solvent microextraction [27]. However, in the present work,
octanol did not appear to be suitable chromatographically. The solvent peak interfered
with those of the target compounds. Of the other solvents, although octane had much
lower vapor pressure and good chromatographic behavior, its extraction efficiency
was lower than those of toluene and cyclohexane. This may be due to the lack of
compatibility between solvent and analytes (principle of like attracts like). Finally,
toluene was employed since it not only provided the highest extraction efficiency but
also had lower vapor pressure (3786.3 Pa) than cyclohexane (12918.9 Pa). Solvent-
drop LPME was performed under similar conditions to test the stability of the solvent
in air. It was observed that hexane and cyclohexane (2 µL) evaporated within 1
minute when they were exposed to air (in our laboratory that was air-conditioned at
ca. 25oC). Toluene was found to be much more resistant and especially so with HS-
LPME. This result indicated that the newly developed HS-LPME effectively limited
the evaporation of the organic solvent. Therefore the selection of organic solvent is
more flexible for the present approach than microdrop headspace LPME.
2.3.1.2. Organic Solvent Volume and Sampling Volume
     The sampling volume refers to the volume of the gaseous sample withdrawn into
the syringe barrel. As shown in Figure 2-3, HS-LPME consists of four steps:
withdrawal and discharge of the gaseous sample, and two pauses in-between. Because
the extraction occurred in the OSF, the key step was the formation of this film, i.e. its
thickness and homogenization. The mass transfer between gas and liquid is assumed
to be very fast since diffusion coefficients in the gas phase are typically ~104 times
greater than corresponding diffusion coefficients in condensed phases [34]. This is
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also indicated by the diffusion coefficient of octanol-air (see Table 2-2). The large
KOA values indicate that the analytes in the vapor can partition into the organic solvent
film rapidly. Therefore the pause time after withdrawing of the syringe plunger was
set to zero, and 5 seconds after discharge to ensure the analytes extracted by OSF
could diffuse completely into the bulk solution.
     In the extraction system, there should be two partitioning equilibrium, aqueous
sample vs. headspace, and headspace vs. OSF. Therefore,
                                 C0Va = Ca,eqVa + Chs,eqVhs + Cosf,eqVosf                        (2-2)
where C0 is the original concentration of analytes in the aqueous sample. Ca,eq, Chs,eq,
and Cosf,eq are analytes concentrations in the aqueous sample, headspace and OSF
respectively. Va, Vhs and Vosf are their corresponding volumes.
Table 2-2.
Physico-chemical properties of chlorobenzenes.
Compounds Log KOW
a Hb Log KOAc
1,3,5-TCB 4.19 2.19 × 10-3 5.24
1,2,3,4-TeCB 4.60 6.90 × 10-4 6.14
1,2,4,5- TeCB 4.64 1.00 × 10-3 6.02
PCB 5.17 7.10 × 10-4 6.69
HCB 5.73 1.70 × 10-3 6.88
a. Partition coefficient of octanol-water. See reference 35
b. Henry’s law constant (atm m3/mol). See reference 35
c. Partition coefficient of octanol-air. Calculated from KOA = KOW/ H’, where H’ is the
dimensionless air-water partition coefficient deduced from H/RT (R is a physical
constant; T is temperature). See reference 36
     In the present case, however, the partitioning between aqueous sample and
headspace was negligible according to the following assumptions. The volume of the
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gaseous sample is substantially small compared with that of the headspace in the vial
and the radius of the syringe needle is so small that the extraction system in the
syringe barrel can be regarded as an independent one. Meanwhile, the amount of
chlorobenzenes extracted by the OSF is much less than that in the headspace.
Therefore, in this case, only the equilibrium inside the syringe barrel needs to be
considered. Accordingly:
                                 Chs0 Vhs = Chs,eq Vhs + Cosf,eq Vosf                                  (2-3)
where Chs0 is the original concentration of the analyte in the headspace of the syringe
barrel. For every extraction cycle, fresh gaseous sample is introduced. Therefore, Chs0
can be assumed to be constant.
                                  Cosf,eq = Kosf-hs Chs,eq                                                      (2-4)
where Kosf-hs is the partitioning coefficient between the OSF and the headspace.
Combining eqs (2-3) and (2-4) gives








−                                                   (2-5)
After one extraction cycle, the concentration in the organic solvent (Corg) can be
expressed as











                                       (2-6)
where Vorg is the volume of the organic solvent used. In the above equation, Vosf and
Vhs can be calculated (see Figure 2-2), and Vorg is a constant.
                                 Vosf = πR2L – Vhs                                                        (2-7)
Thus, Vhs /Vosf = r2/(R2 –r2)                                                                          (2-8)
where R and r are inner syringe barrel radius and gaseous sample barrel radius
respectively. Vhs /Vosf is constant when the plunger movement behavior is fixed.
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According to eqs (2-5 and 2-7),













                          (2-9)
The equation shows that the amount of analytes extracted is proportional to the
sampling volume (Vhs), and inversely proportional to the solvent volume (Vorg), which
can be identified experimentally (Figures 2-5 and 2-6). The experimental lines (solid)
in Figure 2-5 indicated that as the sampling volume increases to some point (>5 µL),
the Corg would not be proportional to Vhs. It will be lower than the theoretical results
(dotted line). This could be caused by the evaporation of the OSF since as sampling
volume increased, the plunger movement period would also be longer. Moreover,
although Corg increased linearly in the sampling volume of 2-5 µL, the intercepts were
not zero. There were two possible reasons for the phenomenon. One was that when
the sampling volume was <1.0 µL (the volume of the needle is ~0.6 µL), the
extraction occurred basically inside the needle.
     The experimental observation indicated that as the extraction proceeded, the
solvent film in the needle would evaporate easily since the high temperature in the
vial would enhance the loss of solvent. In this case, the needle could be regarded as
empty; therefore, no extraction occurred within it. The second reason was that
although the solvent film can be formed in the syringe barrel, the volume was too
small so that the analytes extracted by it cannot be detected. Therefore, with 1~2
extraction (s) only, there was no instrumental response.
     As shown in Figure 2-6, although the smaller solvent volumes gave higher
extraction efficiency, it is impossible to use solvent volume smaller than 1 µL from a
practical viewpoint since this is the injection volume. Therefore, in the present work,
the optimum sampling volume and solvent volume were 5 µL and 2 µL, respectively.
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Our experiments also showed that the previous assumption on the partitioning








































Figure 2-5. Effect of sampling volume on extraction. Analyte concentration is 10
µg/L. The solid lines represent experimental results. The dotted lines represent
theoretical results. This figure only depicts the results for two chlorobenzenes; the






































Figure 2-6. Relationship between organic solvent volume and extraction efficiency
(peak area ratio of sample to internal standard). Each analyte concentration is 10




































Figure 2-7. Withdrawal rate of syringe plunger. Each analyte concentration is 10
µg/L. Sampling volume: 5 µL.
2.3.1.3. Plunger Withdrawal Rate
     Just as described previously, the key step in the present extraction was the
formation of the solvent film.
                                  df = A × R (uη/γ) K                                                  (2-10)
The above equation [37,38] shows the relationship between the film thickness (df, cm)
with the inner diameter of the barrel (R, cm), the viscosity (η, P) of the film-forming
phase, the flow rate (u, cms-1), and the surface tension (γ, dyne cm-1). A and K are
constants. It can be seen from this equation that the faster the syringe plunger moves,
the thicker the film is. Experimental observation indicates that too fast a movement
possibly leads to different thickness of the OSF to be generated in the syringe barrel.
Thus, in the present experiment, the withdrawal rate in the range of 0.5-5 µL/sec was
investigated. As shown in Figure 2-7, although the OSF formed at 0.5 µL/sec was
supposed to be thinnest, and the available time for the compounds to reach
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partitioning equilibrium was also the longest, the extraction efficiency was relatively
low. This may be because the OSF was partly lost by solvent evaporation because of
the slow plunger movement (10 seconds duration at 0.5 µL/sec). However, with fast
plunger movement, such as 2.5 and 5 µL/sec, the extraction efficiency was also low.
This was possibly caused by two reasons. Firstly, the fast movement made the OSF
thicker and extraction time shorter. Secondly, a heterogeneous OSF might have been
formed by fast plunger movement, which would affect the extraction efficiency.
Therefore 1 µL/sec was selected as a compromise since the best extraction was
obtained at this movement rate.
2.3.1.4. Extraction Cycles
     The extraction cycle (withdrawal of sample followed by discharge) refreshes the
gaseous sample and renews the OSF (now slightly enriched in analytes from the
previous cycle). In our previous work [26], the linear relationship between the
extraction cycles and amount of analytes enriched from aqueous sample was
demonstrated mathematically. As seen from Figure 2-8, in HS-LPME, similar results
were also obtained. This indicated that in the present experiment, the principle in
liquid-liquid microextraction was also applicable to gas-liquid microextraction. In our
work, 25 extraction cycles were employed, which took ca. 4.2 min. More extraction
cycles would lead to poorer precision since the procedure was manually controlled,
although higher sensitivity would result.
2.3.1.5. Soil Weight and Water Volume
     The headspace-LPME procedure developed was used to determine chlorobenzenes
in a spiked soil sample. In the present experiment, the temperature (40 oC) and the
extraction time were as for the aqueous samples. 30 minutes preheating time was used
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since maximum extraction efficiency could be obtained. Initially, no solvent was
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Figure 2-8. Extraction cycles of chlorobenezenes by HS-LPME. Each analyte
concentration is 10 µg/L. Sampling volume: 5 µL; organic solvent volume: 2 µL.
solvent to the soil sample in order to enhance the release of the chlorobenzenes to the
headspace. However, a previous study suggested that volatile compounds would not
be released to the headspace in this manner [9]. Another consideration was that since
organic solvents have greater vapor pressure than water, according to Henry’s Law,
the solvents will be preferentially released to the headspace rather than the
chlorobenzenes. Thus water should be used to force the analytes into the headspace
rather than organic solvents. Table 2-3 shows the relationship of extraction efficiency
and different amounts of water added to the soil. In comparison to the extraction of
soil sample without water, use of water improved the extraction dramatically. This
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might be that water could displace the chlorobenzenes from the soil active sites and
into the headspace. The optimum soil sample amount and water volume were 1 g and
1.5 mL, respectively.
Table 2-3.
Relationship between soil weight and water volume
Water (mL)
Soil (g) 0 0.5 1.0 1.5 2.0
0.5 TCB -a 0.24b 0.15 0.27 0.24
1,2,3,4-TeCB 0.06 0.49 0.28 0.56 0.30
1,2,4,5-TeCB 0.08 0.32 0.35 0.47 0.32
PCB 0.09 0.21 0.24 0.37 0.25
HCB - 0.06 0.21 0.26 0.23
1.0 TCB - 0.19 0.38 1.15 0.54
1,2,3,4-TeCB 0.17 0.36 0.46 1.09 0.51
1,2,4,5-TeCB 0.10 0.27 0.5 1.3 0.56
PCB 0.17 0.24 0.36 0.51 0.39
HCB - 0.15 0.14 0.28 0.17
1.5 TCB 0.05 0.64 0.20 0.29 0.42
1,2,3,4-TeCB 0.15 0.60 0.27 0.51 0.53
1,2,4,5-TeCB 0.11 0.75 0.38 0.49 0.54
PCB 0.22 0.61 0.29 0.25 0.20
HCB 0.07 0.29 0.21 0.21 0.20
a: Not detected.
b: Ratio of analyte peak area to that of internal standard.
2.3.1.6. Evaluation of HS-LPME
     The spiked soil sample was employed to investigate the optimized procedure in
respect of repeatability and limits of detection (LODs). The relative standard
deviations (RSDs) were from 5.70~17.7 % (Table 2-4). In comparison to the literature
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values [39] relating to headspace solid-phase microextraction (HS-SPME) of
chlorobenzenes in soil, HS-LPME provided relatively poorer precision except 1,3,5-
TCB. This may be due to the manually-operated extraction procedure. Conceivably,
better repeatability may be obtained if the operation were automated. Nevertheless,
the RSD% values are acceptable.
Table 2-4.












1,3,5-TCB 5.70 15 10 0.055 -f
1,2,3,4-TeCB 9.22 3 7 0.040 -f
1,2,4,5- TeCB 7.70 5 7 0.051 60
PCB 12.6 8 6 0.1 60
HCB 17.7 -f 14 -f 60
a. Concentration of chlorobenzenes: 500 ng/g. n=6.
b. Headspace SPME with 100-µm PDMS fiber of CRM-530 clay soil sample. (Ref.
39)
c. HS-LPME LODs calculated from S/N =3. Concentration: 50 ng/g.
d. LODs of headspace SPME with 100-µm PDMS fiber of CRM-530 clay soil
sample. (Ref. 39)
e. From USEPA Method 8270.
f. Not available.
     Limits of detection (LODs) calculated according to a signal-to-noise ratio of 3
were between 6-14 ng/g. Compared with USEPA Method 8270, HS-LPME provided
better detection limits. However, HS-SPME gave out much better LODs (but after 60
min extraction) than HS-LPME. Nevertheless, HS-LPME is characterized by fast
extraction (only ~4.2 min), convenient operation and inexpensive materials and
apparatus.
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2.3.2. Solvent-Drop LPME of Triazines in Aqueous Samples
     Triazines, important herbicides used in weed control, are ubiquitous environmental
pollutants in soils and waters. Their use has caused great concern because they are
mobile and soluble in water and can also be strongly sorbed onto soil. The study and
survey of the widespread distribution of triazine herbicides in the environment require
the availability of efficient analytical methods for monitoring both of agricultural and
non-agricultural areas. In our laboratory, LLE was miniaturized into static LPME
where the extraction occurs on a solvent drop [26]. In the present work, this newly
developed method was used to determine triazines in tap water, reservoir water and
sea water samples.
2.3.2.1. Air Bubble in Solvent Drop
     In this study, a practical problem in extraction procedure which was not described
in our previous research [26] attracted our concern: avoidance of air bubble in the
solvent drop, and the effect of the bubble on extraction efficiency and precision.
Generally, the air bubble in the solvent drop was too small to be clearly observed at
the first stage of extraction, but after several minutes (generally 1 or 2 minutes), it
became larger and larger, especially at high temperature (40oC). This not only made
the drop buoyant but also affected the extraction efficiency and precision. As seen
from Table 2-5, under the normal condition (no bubble), the recoveries were 89.4 -
102.9 %, and the RSDs are from 2.88 % to 6.81 %. With bubble formation, however,
the relative recoveries were 91 - 104.9 % with RSDs from 4.49 % to 11.3 %. The
poorer precision for latter case may be that for each extraction, it was impossible to
maintain the bubble size, which meant the surface area of the organic drop was
different every time. Moreover, the bubble made the drop unstable because of the
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increased buoyancy. Air bubble formation should therefore be avoided in the
extraction.
Table 2-5.
Comparison of recoveries and precisions under two extraction conditions (n=5)
Compounds
No air bubble
%Recovery             %RSD
With air bubble
%Recovery           %RSD
Simazine 90.6 5.13 91.0 9.29
Atrazine 92.7 3.15 96.1 9.20
Propazine 95.9 2.88 102.7 4.49
Secbumeton 102.9 4.87 104.9 10.4
Sebuthylazine 95.2 5.04 100.6 9.01
Desmetryn 92.4 3.57 99.6 9.22
Simetryn 89.4 6.81 98.1 9.59
Prometryn 92.1 4.05 102.1 9.79
     There were two possible sources for the air bubble, one was air in the solvent film
in the needle (there is a small space between the sides of the plunger and syringe wall.
This space may be occupied by liquid or air) [40]; another was the evaporation of
solvent in the needle tip before it was immersed in the aqueous sample. The first
source was easily eliminated by flushing the syringe carefully many times, by slow
withdrawing the plunger and quickly depressing it before use. For the second source,
in our study, slightly more than 2 µL of organic solvent was used (e.g. 2.1 µL). Before
the needle was immersed in the aqueous samples, the plunger should be depressed to
adjust the volume to accurately 2 µL. Additionally, careful rinsing is necessary in
order to eliminate carry-over before the next extraction.
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     The above precautionary measures can prevent the formation of air bubble
effectively and give good precision and recovery.
2.3.2.2. Optimization of LPME of Triazines
     Although a bigger solvent drop gives higher signal response, its manipulation is
more elaborate and less reliable [26]. With the drop volume in the range of 0.5 – 3 µL,
the analysis shows good linearity. A larger injection volume brings about bigger band
broadening in capillary GC [41]. Thus in the present study, 2 µL was used. 15
minutes was employed as extraction time after due consideration of practical
operation and solvent loss.
A) Agitation
     In equation (2-11), β0 is the overall mass-transfer coefficient which is related to
stirring rate S [42].
                                 log β0 = log M + p logS                                             (2-11)
     Agitation enhances the convection of both aqueous and organic phases, and thus
total mass transfer β0. Therefore, extraction rate increases dramatically with stirring
compare to the stagnant case. As shown in Figure 2-9, agitation increased the
extraction efficiency significantly. The extraction of analytes increased with the
increase in the stirring rate for all analytes except simazine whose extraction changed
little even at higher stirring speed. Another important reason for choice of stirring rate
is the stability of the solvent drop at the needle tip must be considered. Higher speed
made the drop much more unstable and more likely to be dislodged from the needle
tip. In our case, when the stirring speed exceeded 500 rpm, the solvent drop vibrated
seriously on the tip and loss of the drop from the needle tip was always an
unpredictable possibility. Moreover, faster stirring could also increase the diffusion of
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organic solvent into the aqueous sample. Thus 400 rpm was selected that gave the






















Figure 2-9. Effect of different stirring rate on extraction efficiency of static LPME.
Extraction was carried out with 2 µL of toluene at room temperature (23 oC) for 15
min. Solution was spiked with 50 µg/L for each triazine.
B) Temperature
     An increase in extraction temperature translates to an increased diffusion
coefficient and decreased distribution constants, both leading to faster equilibration
time. For SPME, if the sensitivity is high enough at a higher temperature, generally
the highest possible one should be used. But for LPME, considerations of keeping the
solvent drop stable and decreasing or eliminating solvent loss are more important.
Figure 2-10 shows that the higher temperature, the better the extraction efficiency that
could be obtained. However, the negative effect became obvious when the
temperature reached 50oC. The solvent drop lost over 0.1 µL and also became
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igure 2-10. Effect of temperature on static LPME. Extraction was performed with 2
µL of toluene for 15 min, stirring at 400 rpm. Solution spiked with 50 µg/L for each
compound.
C) Ionic strength
     The salting-out effect is applicable in SPME and conventional LLE to enhance
extraction by decreasing the water solubility of analytes while increasing the
distribution coefficient. It is of importance to take salt concentration into account
when carrying out quantitative analysis. In our previous study [38] on dynamic
LPME, the effect of salt on chlorobenzenes was investigated. The results indicated
that addition of salt decreased the extraction efficiency. In the present study, the
salting-out effect was also investigated (Figure 2-11). The extraction efficiencies for
all triazines increased, corresponding with the increase of salt concentrations and
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reached the maximum at 10% (w/v) of salt except simazine, for which the maximum
extraction efficiency was 15% of salt.
     In our experiment, further increase in the salt concentration decreased the amount
of analyte extracted. Thus 10% of salt was selected although it was not the best for
simazine. The extraction efficiency for simazine was still reasonable at this
concentration and the difference between 10% and 15% was not significant for it.
     After the optimization, the best LPME conditions were: 3 mL of aqueous sample























Figure 2-11. Effect of salt concentration on static LPME. Extraction was performed
with 2 µL of toluene for 15 min under 40 oC. Stirring at 400 rpm. Solution spiked
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Figure 2-12. Effect of organic solvent content on static LPME. Extraction was
performed with 2 µL of toluene for 15 min under 40 oC at 400 rpm. Solution spiked
with 50 µg/L of each analyte.
2.3.2.3. Organic Solvent in Aqueous Samples
     In LPME procedure, the percentage of organic solvent is assumed not only to
affect the partition but also the drop itself, i.e. changing its volume or making it
unstable. Different amounts of acetone were added to investigate this effect since the
solutions from standards were prepared in acetone (see Figure 2-12). When the
concentration was increased to 0.5%, the extraction efficiency decreased significantly.
However, the efficiency increased when the concentration was over 5%. At 20%, the
solvent drop could not be controlled stably at the needle tip at all. Additionally, the
changes in solvent drop volume were also different. The solvent drop lost < 0.1 µL
when acetone concentration was ≤1%; the solvent drop volume remained constant at
2% of acetone; at 5% and 10% of acetone, the solvent drop volume increased by 0.1
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µL and 0.2 µL, respectively. Possibly the organic solvent present in the sample
dissolved into the drop when its concentration was high. This may also lead to higher
extraction of the analytes. To avoid inconsistent extraction, the organic solvent
content in the aqueous sample must be kept at every low concentration. The source of
organic solvent was mainly from the standard solutions which were prepared in
acetone. In our study the solvent concentration in the working solutions was around
0.03 %.
2.3.2.4. Method Evaluation
     In order to investigate the linearity of solvent-drop LPME, solutions across the
concentration range of 2-200 µg/L were prepared. For each solution, three replicate
analysis were carried out. All triazines exhibited good linearity with squared
regression coefficients (r2) ranging from 0.9974 to 0.9994 (Table 2-1).
     The LPME procedure was also evaluated when it was used to determine triazines
in different water matrices: tap water, reservoir water and also seawater at spiked
concentration levels of 15 and 100 µg/L. For each spiked sample, five extractions
were carried out. The reservoir water was sampled from Pandan Garden Reservoir
(Singapore), and the seawater sample was from Sentosa Island (Singapore). The
particles in the aqueous samples were filtrated by Whatman No. 42 filter paper before
extraction. The recoveries and precision are listed in Table 2-6. As can be seen, the
recoveries for spiked tap water were 89.3-102.2%, for reservoir water were 84.6-
95.5% and for seawater 83.1-92.1%. With respect to precision, spiked tap water
sample (RSDs were 1.47-5.37 %) was the best, and reservoir water demonstrated the
poorest RSDs from 2.23-9.37 %. This may be caused by the high amount of organic
matter such as humic acids in reservoir water. The comparison of the present
procedure with USEPA Method 507 (Drinking Water Regulations) [43] in terms of
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LODs showed that the latter of solvent-drop LPME are low enough to meet the
requirements of USEPA 507 (see Table 2-6) except simazine. In comparison to SPME
[44], LPME provided better precision but higher LODs. The poor precision of SPME
may be due to two reasons. One is that the quality is not uniform for each SPME
fiber. That means the optimization is necessary each time a new fiber is used. The
second reason is that during the extraction, the fiber quality changes because it is
affected by the sample matrix. The coating may be compromised when it is
conditioned or during extraction. In LPME, however, these problems did not exist.
Although SPME provided better LODs, this was obtained by 30-minute extraction
under intensive stirring (15 minutes for LPME). Therefore, LPME is an ideal
alternative extraction procedure for triazines in aqueous samples.
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Table 2-6.
Relative recoveries, precision and limits of detection of spiked tap water, reservoir water and seawater (n=5)
Compound
Tap water
15 µg/L                   100 µg/L
%rec    %RSD%     %rec    %RSD
Reservoir water
15 µg/L                    100 µg/L
%rec    RSD%      %rec    %RSD
Sea water
15 µg/L                    100 µg/L











Simazine 89.3 5.37 95.3 3.14 93.9 5.23 95.5 2.23 91.9 3.58 92.1 7.42 0.261 0.1 0.007
Atrazine 93.6 2.93 95.0 3.34 84.6 5.76 89.3 7.40 84.5 3.72 93.6 6.77 0.051 0.1 0.010
Propazine 100.5 3.87 94.9 3.43 86.4 4.95 87.4 9.23 88.4 6.91 88.3 7.13 0.036 0.1 0.009
Secbumeton 94.0 3.18 96.4 4.61 93.6 5.90 92.2 8.41 83.1 3.26 93.4 6.98 0.087 NAc 0.036
Sebuthylazin 102.2 1.47 96.7 4.45 93.2 4.52 95.2 8.44 86.4 2.00 92.2 6.72 0.060 NA 0.034
Desmetryn 94.8 2.86 97.3 4.45 86.1 6.18 92.6 7.92 83.7 6.22 95.1 7.70 0.066 NA 0.012
Simetryn 93.6 3.80 96.1 3.98 92.7 7.11 95.2 7.54 85.1 5.51 93.3 7.30 0.096 0.2 0.009
Prometryn 100.5 2.93 97.0 5.22 87.1 4.46 93.4 9.37 86.7 5.24 89.4 7.79 0.030 0.2 0.009
a. Calculated from sample spiked with 1 µg/L of each analyte.
b. See reference [20].
c. NA = not available.
d. See reference [44].
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2.4. Summary
     Two modes of LPME, headspace LPME (HS-LPME) and solvent-drop LPME, were
developed and applied to determine environmental pollutants in soil and aqueous
matrices. In HS-LPME, the organic solvent film (OSF) formed in the syringe barrel
through the movement of plunger was used as the extraction interface. Some factors, such
as sampling volume, organic solvent volume, withdrawal rate, and number of extraction
cycles, were optimized and explained mathematically. The results demonstrated that the
principle used for the aqueous-organic system is also valid for the headspace-organic
system. The optimized procedure was used to extract chlorobenzenes in a spiked soil
sample. HS-LPME provides an alternative method for analysis of volatile compounds in
“dirty” matrices. There is a wider selection of organic solvents than normal headspace
LPME [27]. Some organic solvents with high vapor pressures such as cyclohexane
(12918.9 Pa) evaporated within 1 minute when they were exposed directly to the
headspace can be used in the present procedure. They suffered no significant loss since
they were afforded greater protection within the syringe barrel.
     Because only 2 µL of organic solvent and 25 extraction cycles (ca. 4.2 min) were
employed, the method was inexpensive and fast. The newly developed HS-LPME is a
one-step microextraction technique. Moreover, it has the potential of being automated
which should ensure better precision and sensitivity than achievable by the current
manually-operated system.
     Solvent-drop LPME was applied to extract triazine herbicides in various aqueous
samples, followed by GC/MS analysis. The detection limits for the 8 triazines extracted
by 2 µL of toluene could meet the requirements of USEPA Drinking Water Regulations
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(except simazine). Good linearity, precision and recoveries were also obtained. All of
these indicated that LPME is applicable as a fast screening method for environmental
pollutants in aqueous samples.
     We also demonstrated that air bubble formation in the solvent drop must be avoided
during extraction because the existence of the bubble affects the extraction precision
significantly. The sensitivity of the procedure can be further improved by optimization of
the drop volume, agitation etc, but only if the stability of the solvent drop is well
controlled.
     There are some disadvantages for these two methods. Firstly, the procedure of HS-
LPME is generally more applicable to compounds with high Henry’s Law constants.
Secondly, in comparison to SPME, HS-LPME gives poorer although still acceptable
detection limits compared to USEPA Method 8270. However this can be balanced by
significantly shorter extraction time (∼4.2 min vs. 60 min), low cost and convenience.
With automation, more extraction cycles would possibly address this drawback. For
solvent-drop microextraction, improvement of the sensitivity and reduction in matrix
effects would represent possible future work.
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Chapter 3. Membrane-Based Liquid-Phase
Microextraction Technique:
Development of Hollow Fiber-Protected Liquid-
Phase Microextraction
3.1. Introduction
     Although conventional liquid-liquid/solid extraction and solid-phase extraction (SPE)
are time-consuming and requires large amounts of organic solvent (SPE may use much
less solvent than LLE), they are still widely employed to extract target compounds in
environmental or biological matrices [1-6]. For example, in the US Environmental
Protection Agency (EPA) protocols for environmental analysis, most methods still
prescribe the use of liquid-liquid extraction (LLE). According to a survey in 1996, about
45% of analysts were still using LLE for sample preparation [7]. Compared to SPE, LLE
provides a higher potential for chemically tuning the separation by incorporating different
specific reagents, a higher capacity for interfering compounds, and physical separation of
the extracted analytes from the extracted sample.
     The great need for change in analytical sample preparation procedures has resulted in
the development of new methods with the advantages of high speed, negligible volume of
solvents used and ability to allow analytes to be detected at very low concentrations. As a
result, many miniaturized techniques for SPE and LLE have been developed [8-11].
SPME is one of these techniques. One attractive advantage of SPME is its automation,
especially with GC. To date, SPME has achieved tremendous success and has been
widely used for drugs, food and environmental pollutants [12-15]. However, the
selectivity is not satisfactory when the fiber is directly immersed in the complex matrices
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such as soil or biological samples. The particles or the large molecules affect the fiber
significantly. The carry-over effect cannot be eliminated easily in many cases.
     As an alternative sample preparation method to conventional LLE [10,11], LPME,
FIE and membrane-based LPME have been developed successfully in recent years (see
Chapter 1 Introduction) in order to address the problems of large solvent consumption,
labor-intensive and poor automation of LLE [16-21]. These microscale extraction
techniques provided many advantages such as high extraction speed (FIE), high
selectivity and sensitivity (membrane-based LPME) and simple one-step extraction
(solvent-drop LPME).
     In our laboratory, several LPME methods, static and dynamic [20], and headspace
LPME which mentioned in the previous chapter, have been developed. The static LPME
provides low detection limit and selectivity but good precision and simplicity. Because
the solvent drop in direct contacts with the matrix, it will be affected significantly by
interferences, which limits its applications. A larger volume of organic solvent and
stirring could increase the sensitivity, but a larger solvent drop became too buoyant to be
stably attached on the syringe needle tip.
     In order to improve the sensitivity and selectivity of static LPME, and to stabilize the
solvent drop, a hollow fiber was employed to protect the extracting solvent thus
permitting extraction only on the surface of the solvent immobilized in the membrane
pores. We term this method hollow fiber-protected LPME (HFP-LPME) which combines
the advantages of LLLME and solvent-drop LPME. The basic set up was investigated in
this work, and the technique was optimized with triazines as model compounds in respect
to the selection of solvents, exposure (extraction) time, agitation, pH and the effect of
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addition of salt (sodium chloride). This newly developed technique provided both
preconcentration and sample clean-up because of the selectivity of the membrane, and the
extract can be injected directly into GC without any other post-treatment. Finally
comparison of this new method with static LPME and SPME was also performed. The
results indicate that this inexpensive procedure is simple to operate, and affords a stable,
accurate and efficient microextraction platform.
3.2. Experimental Section
3.2.1. Materials and Chemicals
     The Accurel Q 3/2 polypropylene hollow fiber membrane was purchased from
Membrana GmbH (Wuppertal, Germany). The inner diameter was 600 µm, the thickness
of the wall was 200 µm, and the pore size was 0.2 µm. The SPME fiber used was coated
with polyacrylate (PA) (thickness of 85-µm) (Supelco, Bellefonte, PA, USA).
     Toluene (HPLC-grade), isooctane (99.8% minimum) and hexane (pesticide-grade)
were from J.T. Baker (Phillipsburg, NJ, USA). Methanol (HPLC-grade) and acetone
(pesticide-grade) were from Fisher Scientific (Fair Lawn, NJ, USA). 8 triazine standards
and the preparation of their standard and working solutions used in this experiment are
the same as those in Chapter 2 (page 27).
3.2.2. GC/MS Analysis
     GC/MS conditions for analysis of triazines were the same as those used in Chapter 2
(page 30). For confirmation of triazine ions tentatively identified by SIM, two
characteristic fragment ions were monitored in addition to the molecular ion (see Table 3-
1). The interface temperature was at 300 oC. External standard and standard addition
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methods were used for quantitative analysis for spiked water samples and for slurry
samples, respectively. Figure 3-1 shows a typical GC/MS (SIM mode) chromatogram of
8 triazines.
Table 3-1.
Elution order, physico-chemical properties and characteristic ions used for GC/MS-SIM
analysis.
No. Compound pKa MolecularWeight
Characteristic ions used in GC/MS-SIM
analysis
m/z (relative intensity%)
1 Simazine 1.62 201 201(100), 186(55), 173(43)
2 Atrazine 1.70 215 215(100), 200(150), 173(45)
3 Propazine 1.85 229 229(100), 214(172), 172(110)
4 Secbumeton 4.40 225 225(100), 196(441), 210(107)
5 Sebuthylazine - 229 229(100), 200(771), 214(111)
6 Desmetryn - 213 213(100), 198(57), 171(31)
7 Simetryn 3.00 213 213(100), 170(30), 198(15)
8 Prometryn 4.05 241 241(100), 226(70), 184(114)
3.2.3. HFP-LPME
     The experimental set up of hollow fiber-protected LPME is illustrated in Figure 3-2. A
microsyringe (10 µL) purchased from SGE (Sydney, Australia) with a cone tip was used.
Extraction was carried out as follows:
(1) The hollow fiber was ultrasonically cleaned in acetone. After being dried, the
hollow fiber was cut manually and carefully into 1.3 cm lengths prior to use.
(2) 3.0 µL of organic solvent (typically toluene) was withdrawn into the syringe
followed by an equal volume of water.
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Figure 3-1. GC/MS trace of a spiked aqueous solution (5µg/L of each analyte) obtained
by hollow fiber-protected LPME. Peaks: (1) simazine, (2) atrazine, (3) propazine, (4)
secbumeton, (5) sebuthylazine, (6) desmetryn, (7) simetryn, (8) prometryn. Conditions
are given in the text.
(3) The needle tip was inserted into the hollow fiber and the assembly was immersed
in the organic solvent for about 10 seconds in order for the solvent to impregnate
completely the pores of the fiber wall. Because the hollow fiber used was
hydrophobic, the fiber channel could be filled with organic solvent as well.
(4) After solvent impregnation, the water in the syringe was injected carefully to
flush the hollow fiber in order to remove the excess organic solvent from the
inside (this procedure was performed while the fiber remained immersed in the
organic solvent).
(5) The prepared fiber was removed from the solvent and subsequently immersed in
the aqueous sample.
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(6) Finally, the organic solvent in the syringe was injected carefully and completely
into the hollow fiber
     The experimental results indicated that the residue water inside the hollow fiber had
no effect on extraction efficiency and precision. During extraction, the solution was
stirred at 1000 rpm. The volume of aqueous solution was 3 mL in a 4-mL vial with
addition of sodium chloride at 10% concentration. After 20-minute extraction, the
analyte-enriched solvent was withdrawn into the syringe and then injected into the
GC/MS for analysis. The used fiber was discarded and a fresh one was used for the next
experiment.
     One aspect of the extraction that should be paid greater attention was bubble
formation in the hollow fiber. It was observed that the generation of the bubble came
from the air between the needle tip and the hollow fiber wall. Because the needle tip used
was cone-shaped, when step (3) was performed, the air around the tip could not be
eliminated completed. At the beginning of the extraction stage, the air bubble was too
small to be observed. As the extraction proceeded, the bubble became larger and larger
which resulted in serious solvent loss. Therefore, it was necessary to eliminate the air
completely. An effective way of doing this was to put the fiber into the organic solvent
first to impregnate it completely. While the fiber was still in the solvent, the needle was
inserted into it carefully. This could be easily accomplished by easing the needle tip into
the hollow fiber without use of any other device. Step (4) was then repeated.
3.2.4. Static LPME (Solvent-Drop LPME)
     A microsyringe (10 µL capacity) (SGE Scientific, Sydney, Australia) with an angled-
cut needle tip was used for extraction and injection. The extraction procedure was briefly
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described in the last chapter (Chapter 2, page 33). As mentioned in that chapter,
elimination of air bubbles should be a prime consideration.
     The extraction was carried out under the conditions mentioned in last chapter (Chapter
2, page 52) except the extraction time, solvent volume and extraction temperature which
were 20 minutes, 3 µL and room temperature, respectively.
Figure 3-2. Schematic of the hollow fiber-protected LPME system.
3.2.5. Solid-Phase Microextraction
     The SPME experiments were performed using a manual SPME device (Supelco) with
a fiber coated with polyacrylate (PA) phase (85-µm thickness). The fiber was conditioned
according to the supplier’s recommendation. A 4-mL vial was filled with 3 mL of
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aqueous sample. After addition of 25% (w/v) sodium chloride, the solution was extracted
for 30 minutes at a stirring rate of 1000 rpm. After extraction, thermal desorption was
performed in the GC injector at 280 oC for 3 min.
3.3. Results and Discussion
3.3.1. HFP-LPME
     Static LPME [20] provides a fast, accurate and inexpensive extraction means. Some
practical considerations, however, limit its applications. These problems involve mainly
the stability of the solvent drop and sensitivity. These two problems are related because
some extraction conditions, for example, an elevated temperature of the sample solution
increased the extraction efficiency, but it can make the solvent drop unstable as well.
Moreover, solvent-drop LPME works best with a clean matrix, otherwise the particles or
bubbles in the sample can affect the extraction by making the drop unstable and the
particles are potentially detrimental to the analytical instrument. In other words, the
procedure is a sample preconcentration step but strictly not a clean-up technique.
     In order to address the above shortcomings and to make LPME more sensitive, more
stable and more useful, a new approach to LPME was developed, i.e. use of a porous
hollow fiber membrane to protect the solvent “drop” during extraction. In this, the
configuration of the extraction solvent is rod-like rather than spherical. The rod-like
configuration increases the solvent surface area since for the same volume the surface
area of a sphere is the smallest. The contact area between sample solution and extracting
solution is thus much more substantial than if the solvent were spherically shaped.
Additionally, a larger volume of organic solvent may be used depending on the length of
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the hollow fiber. The direct benefit of the change in solvent configuration is better
extraction efficiency.
     Being protected by the fiber, the solvent is stable, unlike the situation in solvent-drop
LPME. Therefore, faster stirring will enhance the extraction. The extracted amount of
analytes increases and equilibrium time can be shortened with stirring. Furthermore, the
hollow fiber membrane shows some selectivity because of the small size pores in its wall.
Large molecules, which can also be soluble in the organic solvent, will not be extracted.
Potentially, this newly developed microextraction technique can be used to extract
complex matrices, such as biological fluids, and mixture of soil and water (slurry) etc.,
while preventing co-extraction of extraneous materials.
     This procedure represents the partitioning of analytes between aqueous and organic
phases. This can be described as:
                   Aa ↔  Ao                                                             (3-1)
     At equilibrium, the distribution ratio for the analytes in the two-phase system is:
                   K= Co,eq / Ca,eq                                                    (3-2)
where Co,eq is the equilibriumn concentration of analytes in the organic phase, and Ca,eq is
the equilibrium concentration of analytes in the aqueous phase.
     According to the mass balance relationship:
                   CtVa = Co,eqVo + Ca,eqVa                                     (3-3)
where Ct is the original concentration of analytes, Vo is the volume of the organic solvent,
and Va is the volume of the aqueous sample. The enrichment factor Ef can be defined as
the ratio of Co,eq/Ct. Ef can be calculated from eqs (3-2) and (3-3):
                   Ef=1/(Vo/Va+1/K)                                               (3-4)
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     Equation (3-4) shows that in order to obtain high Ef, low Vo/Va and high distribution
coefficient are required. In the present experiment, 3 µL of organic solvent and 3 mL of
aqueous sample are used. Thus Vo/Va =0.001. Only if K values reach 100 or more are the
enrichment factors higher than 90.
     The membrane used in the present experiments is commercially available
polypropylene porous hollow fiber. It is compatible with a broad range of organic
solvents, and undergoes no degradation when it is impregnated. Since only a 1.3-cm
length of fiber was used for every extraction, the cost was very low. For each new
extraction, a fresh hollow fiber was used to eliminate possible carry-over effects.
3.3.2. Extraction Solvent
     As shown in Equation (3-4) the selection of extraction solvent is of major importance
in HFP-LPME in order to obtain efficient extraction. Besides the considerations
mentioned in last chapter (Chapter 2, page 36), the solvent must be compatible well with
the fiber so that the pores in the wall of fiber can be filled completely. This is important
since the extraction occurs on the surface of the solvent immobilized in the pores.
Accordingly, hexane, isooctane, and toluene were investigated in preliminary
experiments, in which 10-min extraction from 20 µg/L standard solutions (stirred at 1000
rpm) were carried out. The experiments indicated that enrichment factors were
significantly different for the respective solvents. Toluene had much higher Ef (generally
>100) for target analytes than the other two solvents (the highest was approx. 40 obtained
by isooctane). Additionally toluene was easily immobilized on the fiber within seconds,
and its solubility in water is also low (0.051% w/w). Based on these considerations,
toluene was selected for subsequent experiments.
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Figure 3-3. Effect of sodium chloride concentration on hollow fiber-protected LPME for
eight triazines.
3.3.3. Salt
     This effect has been discussed widely, but some contradictory results have been
reported [15,22]. In our case, the eight triazines studied showed different behavior in the
presence of sodium chloride (see Figure 3-3). For atrazine, secbumeton, desmetryn and
simetryn, the extraction efficiencies reached maximum at 10% (w/v) of sodium chloride,
and subsequently decreased with the salt concentration up to 30%. For prometryn, the
salting-out effect was negative in the sodium chloride concentration range of 0 to 30%.
For propazine and sebuthylazine, addition of salt did not affect the extraction at a salt
concentration <10%; when the concentration was >10%, the effect was negative. Finally,
for simazine, 20% of sodium chloride was the optimum concentration. This observation
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highest extraction efficiencies at 10% of salt except simazine for which the concentration
was 15%. In SPME, the effect was basically positive. It seemed that the existence of the
hollow fiber might affect the kinetics of the partitioning of analytes between organic
solvent and aqueous sample. The possible reason was that when the salt concentration
increased, an ionic layer around the hollow fiber might be formed which prevented the
partitioning of analytes into the organic solvent. This merits further study.
     Based on the above observations, 10% of sodium chloride was selected since this
concentration provided acceptable results for all analytes.
3.3.4. Agitation
     In HFP-LPME, the extraction can be also accelerated by stirring or sonicating the
aqueous solution. As mentioned in the last chapter that fast agitation of the sample could
be employed to enhance the extraction efficiency since agitation permits the continuous
exposure of the extraction surface to fresh aqueous sample. For solvent-drop LPME,
however, fast stirring or sonication would tend to break up the organic drop. As seen
from Figure 3-4, agitation enhanced dramatically the partitioning of the analytes into the
organic phase and the amount extracted reached its highest value at 1000 rpm. With
extraction at 1250 rpm stirring, however, owing to a small volume of solution being
agitated at high speed, excessive air bubbles were generated that could adhere on the
hollow fiber surface. The experiment became difficult to control and the precision was
poorer, although high extraction efficiency could be obtained. Therefore, 1000 rpm was
selected on the basis of these observations. As mentioned in the previous chapter, for
solvent-drop LPME, only 400 rpm could be used. Otherwise, the drop would be detached
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from the syringe needle tip. Therefore, with the protection of the hollow fiber, the solvent



























Figure 3-4. Effect of agitation on extraction efficiency of hollow fiber-protected LPME.
Concentration: 20 µg/L for each compound. Extraction time: 20 min.
3.3.5. pH
     The effect of pH in the range from 2.00 to 12.0 was investigated. The change of
extraction efficiency of eight triazines with varying pH is shown in Figure 3-5. The
extraction of simazine, atrazine and propazine was not affected by pH; while that of other
triazines increased dramatically when the pH was increased from 2.00 to 4.00, and then
remained constant across the range of 4.00 to 12.00. This change could be explained by
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their pKa (see Table 3-1). For secbumeton, sebuthylazine, and prometryn, their pKa
values are >3.00. They were completely protonated at pH 2.00, which facilitated their
partition into the aqueous phase. Thus, in strong acidic solution, their extraction
efficiencies were very low and they could not be extracted into the organic phase easily.
At pH >4.00, these compounds existed as neutral molecules and were easily extracted. As
far as the remaining three trazines (simazine, atrazine and propazine) were concerned,
since their pKa values were around 2.00, the extraction efficiency did not change
significantly when pH was 2.00. In general then, a pH of 4.0 or greater was conducive for
the extraction of all triazines. For convenience, therefore, no adjustment of pH was made
for subsequent experiments since neutral pH conditions were suitable for extraction. This
conclusion is basically consistent with that normally applicable to SPME in the extraction
of triazines.
3.3.6. Exposure Time
     A series of exposure times was investigated by extracting spiked solutions (containing
20 µg/L of each analyte) at 1000 rpm agitation. For all target analytes the amount
extracted increased dramatically with increasing exposure time from 1 to 20 min (Figure
3-6).
     After 20 min, the curves flattened out considerably, and the enrichment factor
increased only slightly. The extraction kinetics is similar to those generally observed for
SPME, which normally takes considerable time before reaching equilibrium. It is
therefore undesirable to use an extraction method based on equilibrium time.
Additionally, it is desirable that the extraction time be shorter than the chromatographic
running time (in the present experiments, this was 27.8 min) in order to obtain a
75
reasonable sample throughput. Thus from a practical point of view, twenty minutes was

























Figure 3-5. Effect of pH of sample solution on hollow fiber-protected LPME.
Concentration: 20 µg/L of each compound. Extraction time: 20 min. Stirring rate: 1000
rpm.
     Based on the above results, optimized hollow fiber-protected LPME conditions for
triazines were: 3 µL of toluene to extract 3 mL of sample; 20 min extraction time with




























Figure 3-6. Hollow fiber-protected LPME extraction time profile for eight triazines from
aqueous solution. Concentration: 20 µg/L of each compound.
3.3.7. Humic Acids
     Because the main organic matter in many environmental water matrices refer to humic
acids, further experiments were conducted that focused on the effect the concentration of
humic acids on HFP-LPME. The concentration of humic acids was varied in the range of
0 – 200 mg/L. Figure 3-7 indicates that the addition of humic acids did not significantly
decrease the compounds extracted when a 1 mg/L amount was introduced. The extraction
efficiencies were basically constant as the concentrations of humic acids added were
varied from 1 to 200 mg/L. In SPME [9], the extraction efficiency decreased dramatically




























Figure 3-7. Effect of concentration of humic acids on hollow fiber-protected LPME.
Concentration: 20 µg/L of each compound.
     The reason for the observation probably lies in the selectivity of the hollow fiber
membrane. The micropores of the membrane wall allow the low molecular weight target
analytes to diffuse through while excluding high molecular weight interfering
compounds. Humic acids typically have molecular weight up to several million Daltons,
and thus cannot be extracted into the organic solvent. For SPME, the fiber is in direct
contact with the humic acids, which compromises the extraction.
3.3.8. Enrichment Factors
     The optimum conditions were employed to investigate enrichment factors. In this
case, static solvent drop LPME was also carried out in order to compare these two
methods. As shown in Table 3-2, use of the hollow fiber membrane to protect the solvent
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significantly improved the extraction process. The enrichment factors of static LPME
(solvent-drop LPME) were from 19 to 42, in comparison to those of the present method,
which were from 42 to 208.
Table 3-2.
Enrichment factors of hollow fiber-protected LPME and static solvent-drop LPME.
Enrichment factors
Compounds










A) Linearity, limits of detection and repeatability.  In order to investigate the linearity of
HFP-LPME, 0.5-50 µg/L solutions of the herbicides were prepared in ultrapure water. All
triazines exhibited good linearity with squared regression coefficients (r2) > 0.9995
(Table 3-3). This allowed the quantification of these compounds by the method of
external standardization. Limits of detection (LODs) of triazines studied in the aqueous
sample, calculated on the ratio of signal-to-noise at 3 (S/N=3) under MS-SIM conditions,
were in the range 0.007 to 0.063 µg/L. The repeatability study was performed by
extracting aqueous sample spiked at 5 µg/L of each compound (seven replicates). The
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relative standard deviations (RSDs) were calculated to be from 0.92% to 3.43%. The
good repeatability can be explained in two ways. One is that the manually cut hollow
fiber had no significant effect on the precision. Another is that the protection offered by
the hollow fiber made the solvent drop stable, and the effect of the matrix on the
extraction solvent was eliminated.
B) Recoveries and precision.  The proposed microextraction procedure was used for the
determination of triazines in ultrapure water at spiked concentration levels of 2, 10 and
20 µg/L. The relative recoveries and precision (three replicates) are listed in Table 3-3.
As can be seen, the recoveries were in the range 90.5% to 111.9% and RSDs were from
0.78 to 3.84%.
Table 3-3.
Relative recoveries, precision (RSDs%, n=3), linearity and limits of detection (S/N=3) of
hollow fiber-protected LPME.
Spiked Deionized Water Samples
Compounds






Simazine 111.9 ± 2.72% 98.1 ± 3.17% 93.5 ± 3.84% 0.9996 0.063
Atrazine 100.7 ± 3.02% 96.1 ± 2.94% 94.8 ± 2.60% 0.9999 0.014
Propazine 101.3 ± 3.71% 95.9 ± 1.03% 95.9 ± 1.10% 0.9997 0.010
Secbumeton 97.7 ± 1.78% 92.1 ± 3.76% 90.5 ± 4.38% 0.9995 0.021
Sebutylazine 104.5 ± 0.78% 94.3 ± 2.02% 94.3 ± 2.68% 0.9997 0.010
Desmetryn 101.8 ± 1.59% 95.0 ± 2.68% 91.8 ± 2.51% 0.9997 0.009
Simetryn 102.1 ± 1.86% 92.5 ± 2.98% 92.9 ± 3.01% 0.9995 0.012
Prometryn 105.7 ± 1.11% 93.9 ± 2.18% 94.0 ± 2.39% 0.9996 0.007
3.3.10. Extraction of Triazines from Slurry
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     In view of the protection, which gave obvious benefits as compared to unprotected
static LPME, afforded to the solvent by the hollow fiber membrane, we applied the
technique to extract the triazines in a complex matrix, using the previously determined
optimum extraction conditions. Slurry samples (20 mg soil/mL of water) were employed,
while SPME was also performed as comparison in terms of precision and LODs. Static
LPME was also attempted, which confirmed that the solvent drop could not be stably
maintained at the syringe needle tip because of the effect of the particles in the slurry
sample. Even if extractions were successful, tiny particles could be coextracted which
could block the syringe and/or damage the GC system. Therefore, no further experiments
were carried out. As seen from Table 3-4, SPME gave poorer precision, with RSDs
ranging from 3.90% to 16.1% for 30-min extraction. In comparison, the precision of
HFP-LPME was <5%. The reason for this may be that the soil particles and possibly the
salt in the slurry adsorbed on the fiber affected GC analysis. Also, this made the fiber
more fragile and easily breakable. Thus the robustness and durability of each individual
fiber were unpredictable when used in slurry samples. Normally, use of SPME to
determine pesticides in complex matrices (food samples, soil samples and biological
fluids) require sample pre-treatment or modification of the sampling protocol in order to
simplify the matrices and to prevent damage to the fiber [23,24]. Additionally,
membrane-protected SPME has also been developed to protect the fiber against adverse
effects caused by high molecular weight compounds in such “dirty” samples [25]. The
present method was able to overcome the problems encountered in normal SPME
because of the protection afforded by the porous hollow fiber. The small pore size
allowed the hollow fiber to function as a filter that prevented large molecules and
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particles in matrices to be extracted into the organic solvent. Moreover, a new fiber and
fresh solvent were used for each extraction. This eliminated the errors caused by the
effect of matrices on fiber like those that could happen in SPME. HFP-LPME has some
similarities to membrane-protected SPME. However, the kinetics of membrane-protected
SPME extraction process are substantially slower than direct extraction because the
analytes must diffuse through the membrane before they can reach the coating [26].
Possibly this is why the application of membrane-protected SPME is limited (with only
one report thus far on the analysis of PAHs) [25].
Table 3-4.  Relative recovery, precision (%RSD) and LOD of extraction of triazines from














Simazine 88.8 4.99 0.18 95.9 7.19 0.15
Atrazine 96.8 3.78 0.10 94.8 8.42 0.05
Propazine 98.9 3.61 0.08 94.4 4.96 0.06
Secbumeton 89.0 4.17 0.13 85.0 16.1 0.04
Sebuthylazine 97.5 3.87 0.07 93.5 12.8 0.02
Desmetryn 93.0 4.20 0.07 90.9 3.90 0.03
Simetryn 94.6 3.81 0.09 91.6 6.39 0.03
Prometryn 99.8 3.51 0.04 99.0 10.3 0.02
a  : Slurry sample spiked at 5 µg/L for each compound.
b  : Calculated from 1 µg/L spiked level, S/N =3
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3.4. Summary
     In the present study, a new mode of liquid-phase microextraction (LPME) described
as HFP-LPME has been developed with the organic extractant solvent being protected by
a porous polypropylene hollow fiber during extraction. Compared with static LPME,
higher enrichment factors were obtained under the optimized extraction conditions.
Better linearity (r2 >0.9995 vs r2 >0.9974) and repeatability (0.92-3.43% vs 2.33-4.87%)
were achieved as well. Compared with EPA Method 507 (LODs from 0.1-0.2 µg/L), the
newly developed microextraction procedure can achieve LODs ranging from 0.007-0.063
µg/L, exceeding the requirement for triazines analysis in aqueous samples. In addition,
because of the selectivity of the porous hollow fiber membrane, the technique could be
used to extract triazines from “dirty” matrices. The comparison between the present
technique and SPME indicates that HFP-LPME is more precise than SPME in extracting
triazines from slurry samples, although the latter is able to provide better LODs possibly
due to the slightly longer extraction time. Based on these considerations, HFP-LPME is
not only a good sample preconcentration technique, but also an excellent sample clean-up
procedure, which makes it directly applicable to dirty samples. HFP-LPME is also
conveniently compatible to GC, but unlike LLE, there is no need for evaporation of
extract before injection. For every new extraction, a fresh piece of fiber is employed, so
that carry-over is eliminated. Compared with commercially available SPME fibers (each
costs ca. US$70), polypropylene hollow fiber is considerably cheaper (one bundle of
2600 pieces of 53.5 cm length, costs only ca. US$200). Finally, the advantages of hollow
fiber-protected LPME allows its potential application as a sample preparation and clean-
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Chapter 4. Applications of HFP-LPME
4.1. Environmental Analysis
4.1.1. Introduction
     In the previous chapter, a new mode of LPME was introduced, termed hollow fiber-
protected liquid-phase microextraction (HFP-LPME). This method improved the
sensitivity of solvent-drop LPME dramatically. A piece of porous hollow fiber was used
to protect the extracting solvent, thus permitting extraction involving only the solvent
immobilized in the hollow fiber membrane pores. The experimental results indicated that
this newly developed technique provided both preconcentration and sample clean-up
because of the large surface area of, and the protection afforded by the membrane. Thus,
the extract can be injected directly into the GC without any other additional post-
treatment. For each new extraction, a fresh piece of hollow fiber was used, which
eliminated carryover effects. Thus, HFP-LPME is inexpensive and simple to operate, and
affords a stable, accurate and highly efficient microextraction platform.
     In the present work, organic environmental pollutants with various physicochemical
properties were selected to examine the applicability of HFP-LPME.
4.1.2. Experimental Section
4.1.2.1. Materials and Chemicals
     1.3-cm length of the hollow fiber membrane used in Chapter 3 was employed for the
current experiments.
     Toluene (HPLC-grade), n-octane (99.8% purity) and cyclohexane (pesticide-grade)
were from J. T. Baker (Phillipsburg, NJ, USA). The environmental pollutant standards
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were from various suppliers (The standards of the pollutants are given in Figures 4-1 - 4-
5). The purities of each standard was >98%. The stock standard solutions were prepared
in acetone at the appropriate concentration levels, and stored in a freezer at about –20oC.
Working solutions were prepared by dilution of stock standards with ultrapure water
prepared on a NANOpure (Barnstead, UK) system. These solutions were stored in the
dark at 4 oC and were prepared weekly.
     The procedure of HFP-LPME was introduced in the Chapter 3.
4.1.2.2. GC/MS Analysis
     The GC/MS instrument and column were the same as those used in the experiment
described in Chapter 3. The following temperature program was employed for the
analysis of pesticides: Initial temperature of 80 oC held for 4 min; ramp to 150 oC at 10
oC/min, held for 1 min; then 5 oC /min to 200 oC; finally increase at 30 oC/min to 290 oC,
held for 5 min. The injector temperature was 250 oC and the interface was kept at 270 oC.
     For PAHs, the temperature program was as follows: Initial temperature of 75 oC held
for 5 min, ramp to 220 oC at 8 oC/min, and finally increase at 25 oC/min to 300 oC, where
it was held for 6 min. Both the injector and interface temperatures were kept at 280 oC.
All injections were made in the splitless mode. The detector was scanned over the mass
range of m/z 50-500 to confirm the retention times of the analytes. For determination of
all the above-mentioned environmental pollutants, selected ion monitoring (SIM) was
performed. For confirmation of pesticides ions tentatively identified by SIM, two
characteristic fragment ions were monitored in addition to the molecular ion (see Table 4-
1), while for PAHs one m/z was selected.
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1,2,4,5- Tetrachlorobenzene (TCB)                                       Pentachlorobenzene (PCB)










          Hexachlorobenzene (HCB)                                          2,5-Dimethylphenol (DMP)
                 
OH




           4-Chlorophenol (CP)                                                   2,3,5-Trimethylphenol (TMP)
Figure 4-1. Chemical structures of pesticides considered in this work.
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             Naphthalene (Nap)                                                         Anthracene (Ant)
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             Secbumeton                                                               Sebuthylazine
Figure 4-4. Chemical structures of pesticides considered in this work.
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                              Lindane                                                   Heptachlor













                              Aldrin                                                          Dieldrin
Figure 4-5. Chemical structure of pesticides considered in this work.
4.1.3. Results and Discussion
4.1.3.1. Procedure of HFP-LPME
     The procedure of HFP-LPME has been described in Chapter 3. In the present chapter,
enrichment factor and recovery were employed to evaluate the extraction procedure. The
enrichment factor (Ef) for the analytes in the two-phase system can be defined as the ratio
of the analyte concentrations in the organic solvent (acceptor) and the aqueous sample
(donor):
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                   Ef = Co / Ca                                                                (4-1)
where Co is the concentration of analyte in the organic phase, and Ca is the concentration
of analyte in the aqueous phase. Therefore, it can be concluded that the maximum
extraction factor (Ef,m) should occur when the extraction reaches equilibrium. In this case:
                  Ef,max = K= Co,eq/Ca,eq                                                 (4-2)
Where K is the partition coefficient, Co,eq is the equilibrium concentration of the analyte
in the organic solvent and Ca,eq is the equilibrium concentration in the aqueous sample.
     The recovery of the experiment (R) is termed as the ratio of the number of moles of
the analyte in the organic solvent (acceptor) and aqueous sample (donor):
                   R = no /na × 100%                                                    (4-3)
where no is the number of moles of the compound extracted in the organic solvent, and na
is the number of moles in the aqueous sample before extraction (original concentration).
According to eqs (4-1) and (4-3), the following equation can be deduced:
                   R= Ef × Vo/Va ×100%                                              (4-4)
At equilibrium, the maximum recoveries (Rm) can be obtained:
                 Rm= Ef,m × Vo/Va ×100% = K × Vo/Va ×100%          (4-5)
where Vo is the volume of the organic solvent and Va is the aqueous sample volume. Eq
(4-5) indicates that the recovery of the method is proportional to the partition coefficient
between the organic solvent and the aqueous sample. In the present experiment, the
organic solvent used was 3.5 µL and the sample volume was 4 mL. Thus the ratio of the
volume was 0.000875. The extraction at equilibrium should be allowed to attain in order
to achieve maximum recoveries and enrichment factors.
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Table 4-1
Name of the environmental pollutants considered in this work, their physical properties











Amides Allidochlor 20000 NA   173, 138
Alachlor 240 3.52   269, 160
Metolachlor 530 3.13   283, 162
Chlorobenzenes 1,2,4,5-TCB 0.595 4.60   216, 214
PCB 1.33 5.17   250, 248
HCB 0.0062 5.73   284, 286
Cyclodienes Heptachlor 56 5.50   374, 272
Aldrin 0.18 6.50   363, 263
Dieldrin 0.195 5.40   378, 263
Hexachloro-
cyclohexane
Lindane 7.6 3.61   290, 181
Phenols 2,5-DMP 614 2.33   122, 107
4-CP 240000 2.39   128, 136
2,3,5-TMP 90.1 3.15   136, 121
Phosphoro-
thionates
Chlorpyriphos 0.4 4.96   349, 197
Thiocarbamate Molinate 970 3.21   187, 126
Triazines Simazine 5.8 2.18   201, 186
Secbumeton 620 3.64   225, 196
Sebuthylazine 35 NA   229, 200
Desmetryn 580 2.82   213, 59
Prometryn 48 3.51   241, 226
PAHs Nap 0.31 3.30   176
Flu 1.34 4.18   128
Ant 0.0434 4.45   202
Pyr 1.35×10-7 4.88   166
B[ghi] p 2.6×10-4 6.63   276
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Figure 4-6. The GC/MS chromatogram of pollutants extracted by different solvents.
Peak assignments: (1) 2,5-DMP; (2) 4-CP; (3) 2,3,5-TMP; (4) Allidochlor; (5) 1,2,4,5-
TCB; (6) PCB; (7) Molinate; (8) HCB; (9) Simazine; (10) Lindane; (11) Secbumeton;
(12) Sebuthylazine; (13) Desmetryn; (14) Heptachlor; (15) Alachlor; (16) Prometryn;
(17) Aldrin; (18) Metolachlor; (19) Chlorpyriphos; (20) Dieldrin.
96
4.1.3.2. HFP-LPME of Pesticides and PAHs
     In the present work, n-octane, cyclohexane, toluene, 1-octanol and n-hexyl ether were
investigated as extracting solvents. The latter two, however, were not suitable as GC
solvent because good chromatograms were not obtained by them (very poor baseline was
obtained by these two solvents), and thereafter they were not used any further. The
experimental results indicated that cyclohexane and n-octane were not effective for the
extraction of phenols, triazines, especially for 4-chlorophenol, allidochlor and simazine.
But they were most effective for chlorobenzens, molinate, heptachlor, aldrin and dieldrin.
Toluene was the best solvent for most of the pesticide (see Figure 4-6). For PAHs, these
three organic solvents, n-octane, cyclohexane and toluene, basically had the same
extraction efficiency. According to our previous experience [1], toluene was the most
suitable organic solvent because on the one hand it was very compatible with the
polypropylene hollow fiber. It can impregnate the fiber completely and quickly. The fiber
after being impregnated became transparent which made it easy to observe the extraction
procedure. On the other hand, its chemical compatibility with most of the target
compounds (many are aromatic) was an advantage. Thus toluene was used for the
following experiments for both pesticides and PAHs. One disadvantage was that among
these solvents, toluene was the most soluble in water. This led to some losses during
extraction. Fortunately, this drawback could be overcome by addition of salt to the
sample solution (this is discussed below).
     As described in most papers on microextraction, the addition of salt to the sample
solution can basically increase the amount of target compounds extracted. In this work,
we also found that this can make the organic solvent much more stable, i.e. decrease the
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loss of a solvent that has high solubility in water. Although these experiments indicated
that the effect on extraction was negative for most compounds in increasing the salt
concentration from 0 to 30% (%w/v), it was still acceptable when 10% of salt was used.
For the compounds which had positive response to salt (2,5-dimethylphenol, 4-
chlorophenol, 2,3,5-trimethylphenol, the amides, and nitrogen-containing compounds),
10% of NaCl was the optimum value. At this NaCl concentration, the extraction could be
prolonged without significant loss of toluene. After consideration of the above factors,
10% of NaCl was used ultimately.
     Extraction time is a very important parameter in microextraction, especially when the
extraction procedure is stopped before equilibrium was attained. Selection of the
appropriate extraction time could potentially affect the method precision and sensitivity
as well. Extraction times from 0 to 40 min were examined (see Figure 4-7 A and B). As
seen from the figures, the extraction efficiency for almost all compounds did not increase
significantly after 20 minutes. For 2,5-dimethylphenol, 4-chlorophenol, 2,3,5-
trimethylphenol, allidochlor and chlorobenzenes the extraction efficiency decreased with
longer extraction. This may be explained by the relatively high volatility and polarity of
these analytes. For allidochlor it may be caused by its high water solubility. For some
PAHs, especially for pyrene and benzo[ghi]perylene, it seemed that 40-minute was not
enough for the extraction to reach equilibrium. This may be related with their low water
solubility and high logKow (see Table 4-1). The higher the distribution coefficient, the




























































Figure 4-7. The extraction time of HFP-LPME of pesticides (A) and PAHs (B).
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4.1.3.3. Evaluation and Recoveries of the Method
     The evaluation of the present method to be a quantitative means was examined in
respect of precision, recoveries (enrichment factors) and limits of detection (LODs).
Table 4-2 shows the results. Eight replicates of an extraction were carried out for the
study on precision which indicated that for most of the compounds, the RSDs were in the
range of 1.21-9.01%. The enrichment factors were calculated from the ratio of the peak
counts between the extracted sample and the standard solution. The absolute recoveries
were calculated according to Eq (4-5). The results are given in Table 4-2. As seen from
this table the enrichment factors and recoveries were dramatically different for different
classes of compounds. This may be explained by the principle of “like attracts like”.
However, some other factors such as logKow and water solubility must be considered as
well. For example, although most of the compounds in the present study have similar
chemical structures as the solvent (toluene), not all of them exhibited good enrichment
factors and recoveries. Chlorobenzenes, chlorophenols, PAHs, and the phosphorous-
containing pesticides with benzenoid structures showed low recoveries. This may be
explained from their water solubility, logKow and other properties such as volatility.
Chlorophenols, especially 4-chlorophenol, are highly soluble in water, and their low
logKow values enable them to remain favorably in the aqueous phase instead of
partitioning into the toluene. This explanation was also applicable for extraction of
allidochlor by n-octane, which also has low recovery although they have similar chemical
structure. For chlorobenzenes, although they had very low water solubility and high
distribution coefficients, volatility may be the premium factor affecting the extraction.
This also led to the lower extraction efficiency over the longer extraction time because
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these analytes tended to evaporate into the headspace. PAHs and phosphorothionate have
low water solubility and very high logKow, but their extraction recoveries were very low.
The only reasonable explanation might be that in this case they were assumed to be
preferably adsorbed by the hollow fiber wall but not the toluene.
     The best extraction recoveries were obtained for amides and nitrogen-containing
analytes. Their enrichment factors were ~10 to 50 times higher than others. Although
they had relatively higher water solubility and lower logKow, it seemed that the
controlling factor might be their chemical structures.
      The LODs were calculated on the basis of the signal to noise ratio be 3 (S/N=3). As
can be seen from Table 4-2, although different types of analytes behaved differently
under the optimal conditions, most of them could be detected at low-ng/L levels, except
for 4-chlorophenol, allidochlor, simazine and benzo[ghi]perylene whose LODs were
from 111 to 732 ng/L.
4.1.4. Real Sample
     The present method was applied to determine real water samples. The water samples
were collected from Pandan Reservoir (Singapore) and extracted under the optimized
conditions. As seen from the chromatograms in Figures 4-8 and 4-9, seven pesticides and
three PAHs were detected. These were 1,2,4,5-tetrachlorobenzene, hexachlorobenzene,
heptachlor, aldrin, metalochlor, chlorpyriphos, dieldrin, naphthalene, pyrene and
benzo[ghi]perylene. The concentrations of these pollutants estimated from the
chromatograms were very low.
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Figure 4-8. Chromatogram showing presence of pesticides in real-world water sample
after HFP-LPME. The peak assignments see Figure 4-6 in Experimental section.
Figrue 4-9. Chromatogram showing presence of PAHs in real-world water sample after
HFP-LPME. (1). Naphthalene; (4). Pyrene; (5). Benzo[ghi]perylene
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Table 4-2.













Amide Allidochlor 21.8 1.91 3.54 231
Alachlor 625.8 55.6 5.37 33
Metolachlor 786 68.7 6.50 11
Chlorobenzene 1,2,4,5-TCB 108.6 9.5 1.21 2
PCB 93.5 8.18 4.64 8
HCB 67.1 5.87 9.01 15
Cyclodiens Heptachlor 47.5 4.12 12.3 13
Aldrin 27.2 2.38 14.9 5
Dieldrin 28.5 2.49 8.43 2
Hexachlorocyclo-
hexane
Lindane 111.9 9.79 3.13 69
Phenols 2,5-DMP 41.0 3.59 2.36 21
4-CP 14.4 1.26 2.67 732
2,3,5-TMP 107 9.36 3.35 10
Phosphoro-
thionate
Chlorpyriphos 72.9 6.38 7.86 9
Thiocarbamate Molinate 225.2 19.7 4.92 19
Triazines Simazine 92.5 8.09 4.97 133
Secbumeton 325.4 28.5 3.29 15
Sebuthylazine 448.6 39.2 6.88 23
Desmetryn 482.8 42.2 4.30 26
Prometryn 629.4 55.7 4.96 22
PAHs Nap 75.3 6.59 6.74 1
Flu 81.1 7.1 2.58 43
Ant 80.9 7.08 4.50 38
Pyr 173.5 15.2 4.77 12
B[ghi]p 20.8 1.82 6.26 111
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4.2. Drug Analysis in Biological Sample
4.2.1. Introduction
     Biomedical analysis of lower-molecular-mass organic molecules includes the analysis
of drugs, metabolites, poisons, chemicals of environmental exposure and endogenous
substances in body fluids and tissues [2-8]. The quantitative and qualitative analysis of
drugs and metabolites is extensively applied to pharmacokinetic studies. Pharmacokinetic
interactions, therapeutic drug monitoring [9-12] and even environmental pollutants
[13,14] such as pesticide and herbicide monitoring require suitable sample preparation
methods and analytical means [15].
     As far as analytical techniques are concerned, GC and HPLC are mainly employed.
These chromatographic methods provide high sensitivity and selectivity. However, prior
to the analysis, the sample needs to be treated, i. e. concentrated and cleaned up.
     The sample preparation steps for bioanalysis of drugs or environmental residues in
biological samples (such as blood and urine) are generally tedious. The analytes in the
biological matrices are present at low concentrations and in a great volume of an aqueous
matrix which is composed of a large number of highly concentrated proteins,
lipoproteins, lipids and salts as well as other lower concentrated endogenous and
exogenous organic substances [15]. To date, this task can be accomplished mainly by
LLE and SPE. An alternative method is on-line precipitation of protein from plasma
samples by HPLC system [16]. However, the enrichment and sample purification are not
satisfactory. Another simple method is headspace technique in GC. The drawback is that
it can only be applied to analytes with high vapor pressures [17]. Although these methods
have their own advantages, most of them are not as sensitive and selective as LLE and
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SPE. However, conventional LLE and SPE have obvious drawbacks as mentioned in
previous chapters. Therefore, the development of a selective, fast and efficient sample
treatment method is an important task in pharmaceutical and medical analysis.
     Although SPME is becoming popular in biological analysis such as drugs analysis in
body fluid [18-21], carry-over effects occur because of the repeated use of one fiber [22].
Moreover, the proteins or cell cultures in biological matrices can affect the extraction
seriously [18, 23-25]. In comparison to SPME, HFP-LPME has been shown to be an
efficient sample clean-up and enrichment method for environmental pollutants even in
complicated matrices such as soil slurries, as described in Chapter 3. This is beneficial
from the selectivity of the polymer membrane, many interfering materials in biological
matrices, e.g., proteins and other unionizable components, cannot be extracted into the
acceptor. Thus, HFP-LPME has obvious benefits over SPME in the direct extraction of
drugs from biological samples.
     The aim of the present work was to examine the performance of HFP-LPME in
extracting drugs from urine. The drugs used here were four local anaesthetics (LAs),
lidocaine, tetracaine, bupivacaine and dibucaine (see Figure 4-10). LAs are widely used
in surgery to block the nerve function in order to relieve the local pain. According to
chemical structures, lidocaine, bupivacain and dibucaine are amide class, tetracaine is
ester class. The previous chapter demonstrated that this method was very efficient in
extracting amide class of compound. In this Chapter, some factors which affects the
extraction are discussed, such as pH, salt, extraction time, and particularly urine
pretreatment. The method is also validated in terms of linearity, precision, recoveries and
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sensitivity. It is indicated that HFP-LPME is an effective and selective method in drug
analysis in urine.
        
Lidocaine Tetracaine
       
Bupivacaine Dibucaine
Figure 4-10. Chemical structures of four LAs.
4.2.2. Experimental Section
4.2.2.1. Materials and Chemicals
     Trichloroacetic acid was from Sigma (St. Louis, MO, USA). Four LAs: lidocaine,
tetracaine, bupivacaine and dibucaine were also purchased from Sigma. Metolachlor from
Dr. Ehrenstorfer GmbH (Augsburg, Germany) was used as internal standard. The stock
standard solutions were prepared in acetone with concentration levels of approximately
1000 µg/ml for each compound and stored in a freezer at about –20oC. Working solutions
were prepared by dilution of stock standards with ultrapure water (NANOpure,
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Barnstead, UK). These solutions were stored in the dark at 4 oC and were prepared
weekly.
4.2.2.2. GC/MS Analysis
     GC/MS instrument and column were the same as those used in Chapter 3. The
temperature program was: initial temperature of 90 oC, held for 1 min, and then ramped
to 280 oC at 15 oC/min, held for 5 min. The injector temperature was 250 oC and all
injections were made in the splitless mode. The detector was scanned over the mass range
m/z 50-500 to confirm the retention times of the analytes. For quantitative determination,
selected ion monitoring (SIM) mode was performed. The following characteristic ions
were adopted: 86.15 (lidocaine), 58.10 (tetracaine), 140.20 (bupivacaine) and 86.15
(dibucaine). The interface temperature was at 270 oC. Figure 4-11 shows a typical
GC/MS-SIM trace of the anaesthetics spiked into pure water and urine.
4.2.3. Results and Discussion
4.2.3.1. Optimization of HFP-LPME
     In our previous work, toluene was demonstrated to be the most effective extractant for
many compounds of different chemical structures. Accordingly, in the present experiment
toluene was used as the acceptor. The analytes considered can undergo dissociation in
water; thus, the pH value of the sample has substantial influence on the extraction
efficiency. For these compounds, the pH should be >pKa of the analytes to ensure the
compounds remain unionized in order to obtain the best extraction efficiency.. In the
following experiments, the pH value was adjusted to 10.0 for water samples and urine
samples. The solution was agitated at 1000 rpm during the extraction.
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Figure 4-11. Comparison of chromatograms (GC/MS-SIM) of four LAs after HFP-
LPME of LAs from water sample (A) and urine sample (B). Peaks: 1. lidocaine; 2.
tetracaine; 3. bupivacaine; 4. dibucaine. IS is metolachlor.
A. Ionic Strength
     Addition of salt has two functions [26]: salting-out effect and stabilization of organic
solvent acceptor. The latter seems particularly important in this two-phase
microextraction because although toluene gave higher extraction efficiency, it was
sparingly soluble in water which led its loss. This meant that extraction could not be
prolonged, and extraction efficiency was affected. In this experiment, different salt
(NaCl) concentrations in the range of 0-30 % in the water sample were examined. The
results indicated that the highest extraction efficiency occurred when 20% of NaCl was
used (Figure 4-12). The extraction decreased significantly with the further increase of
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NaCl concentration from 20% to 30%. No solvent loss was observed at 20% of NaCl.


























Figure 4-12. Effect of NaCl concentration on HFP-LPME of local anaesthetics.
B. Extraction Time
     As can be concluded from Eqs. (4-2) and (4-5), the maximum enrichment factors and
recoveries can be obtained at the extraction equilibrium. Also, as mentioned above that
the extraction precision is better at equilibrium than that before equilibrium. Thus,
selection of appropriate extraction time is important. In this work, the extraction time was






























Figure 4-13. Extraction profile of HFP-LPME of four LAs.
     As shown in Figure 4-13, the extraction efficiency of the analytes increased slowly
after 35 min. Over 40 –55 min, the extraction time curves were almost flat which meant
the extraction reached equilibrium. Therefore 40 min was selected. For this experiment
the sample solution was maintained at a pH of 10 and added NaCl to give a concentration
of 20%.
       Figure 4-11 is the GC/MS-SIM chromatograms of LAs in water sample and urine
sample treated by procedure 2. As shown in this figure, the combination of HFP-LPME
and deproteinization can provide excellent selectivity for the urine sample. The result is
comparable to that obtained for water sample.
4.2.3.2. Extraction Recoveries and Partition Coefficients
110
     As seen from Table 4-3, the absolute recoveries for four LAs from water sample were
in the range of 26.9 to 43.3 %. According to Equation (4-5), the partition coefficient (K)
between water and the membrane-protected toluene were 307, 495, 334 and 387 for
lindocaine, tetracaine, bupivacaine and dibucaine, respectively. The high partition
coefficient explaines the relatively high extraction efficiency when a 1.5-cm length of
hollow fiber was used for LPME.
4.2.3.3. Evaluation of the Method
     The procedure was evaluated with respect to linearity, precision, recoveries and limits
of detection (LODs). Results from water samples spiked were taken as reference. As seen
from Table 4-3, the precision, recoveries and LODs for water samples were all better than
those of urine samples. Only the linearity (r2) for the two samples was in good agreement.
This indicated that the other interfering materials in urine matrix still affected the
extraction even after deproteinization treatment. The method provided good linearity (r2
from 0.9935 to 0.9997) in the concentration range of 0.5 ng/mL to 15 ng/mL in urine
sample. The RSDs were between 3.83% and 7.29 % and the absolute recoveries were
basically higher than 20%. Although the LODs were several times higher than water
samples, they are much better than previously reported [27-29].
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Table 4-3
Recoveries, precision, linearity and LODs for water and urine samples.



















Lidocaine 26.9 2.61 0.9995 0.02 22.3 3.83 0.9997 0.14
Tetracaine 43.3 2.98 0.9998 0.05 36.0 5.01 0.9978 0.19
Bupivacaine 29.2 1.92 0.9999 0.02 26.1 5.30 0.9996 0.15
Dibucaine 33.9 2.72 0.9976 0.01 18.7 7.29 0.9935 0.10
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     In one report [27], the local anaesthetics in urine were processed initially by SPE. The
LODs for tetracaine and dibucaine were about 80 ng/mL, and for lidocaine and
bupivacaine, about 40 ng/mL. In another report [28], direct immersion SPME method
was used to preconcentrate the lidocaine in urine with analysis by GC/FID. In order to
avoid the effect of the biological matrix, the urine sample was diluted five times before
SPME. This method provided an LOD of 5 ng/mL. Another report [29] was based on the
use of SPME to extract lidocaine in plasma after deproteinization. Although after
elimination of the proteins from the matrix and with the extraction yield increased by 10
times, the LODs was only 5 ng/mL. This indicates that urine matrix is complicated, and
there may be many other interfering materials affecting SPME besides protein. Thus,
direct-immersion SPME of biological samples is not a completely satisfactory clean-up
method. In comparison to the above reports, the LODs (at S/N=3) of the present method
were below 0.2 ng/mL. This excellent result may be explained by two reasons. One is
that the deproteinization released the LAs readily from the proteins. The second reason is
that the hollow fiber used can selectively extract the compounds and filter out the higher
molecular weight interfering materials. The latter can affect significantly on both HFP-
LPME and direct immersion SPME.
4.2.4. Summary
     The application of HFP-LPME to extract environmental pollutants from water and
drugs from biological matrix were investigated. Environmental pollutants with a range of
chemical structures and physicochemical properties were used as target analytes. Several
valuable conclusions were obtained. Firstly, the extraction of this method was a faster
procedure for all pollutants. The maximum extraction efficiency for most of them could
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be obtained at 20 min. Secondly, this method was very effective to determine the amides
and triazine classes of compounds. Thirdly, this method was not suitable to extract the
compounds of high water solubility, such as allidochlor and chlorophenol (solubility was
>2%). Finally, addition of salt was necessary in order to prevent solvent loss. The
experimental results indicate that LPME is a feasible method to be the routine analysis of
environmental pollutants. Environmental pollutants at ng/L level could be detected.
     The method was also employed to extract the drugs in urine samples. Some important
parameters especially deproteinization procedure were discussed. The results showed that
deproteinization and addition of salt were very important to obtain higher extraction
efficiency. Various deproteinization procedures were studied and the best one was
obtained. This method can provide good linearity, precision, recoveries and sensitivity in
extraction of LAs from urine sample. As seen from Figure 4, HFP-LPME provided good
selectivity to urine sample in extracting LAs so that the chromatogram was comparable to
that of water sample. Thus it can be concluded that the present method is an effective and
selective method for biological analysis.
114
References
[1] G. Shen, H. K. Lee, Anal. Chem. 2002, 74, 648-654.
[2] T. M. De Kok, P. J. Levels, A. Van Faassen, M. Hazen, F. Ten Hoor, J. C. Kleinjans,
J. Chromatogr. 580 (1992) 135.
[3] V. Iyengar, J. Kumpulainen, K. Okanmoto, M. Morita, S. Hirai, S. Nomoto, Prog.
Clin. Biol. Res. 380 (1993) 27.
[4] O. H. Drummer, J. Chromatogr. B 733 (1999) 27.
[5] A. Polettini, J. Chromatogr. B 733 (1999) 47.
[6] F. C. Cheng, J. S. Kuo, J. Chromatogr. B 665 (1995) 1.
[7] D. Tsikas, J. Chromatogr. B 717 (1998) 201.
[8] T. Toyo’oka, J. Chromatogr. B 671 (1995) 91.
[9] K. A. Jackson, S. E. Rosenbaum, Drug Dev. Ind. Pharm. 24 (1998) 1155.
[10] S. Ulrich, C. Wurthmann, M. Brosz, F. P. Meyer, Clin. Pharmacokinet. 34 (1998)
227.
[11] M. H. H. Ensom, G. A. Davis, C. D. Cropp, R. J. Ensom, Clin. Pharmacokinet. 34
(1998) 265.
[12] S. Ulrich, I. Schrodter, G. Partscht, P. Baumann, Psychopharmakotherapie 7 (200) 2.
[13] A. Astier, J. Chromatogr. 643 (1993) 389.
[14] D. Firestone, J. Assoc. Off. Anal. Chem. 74 (1991) 375.
[15] S. Ulrich, J. Chromatogr. A 902 (2000) 167.
[16] E. B. Asafu-Adjaye, S. Y. Su, G. K. Shiu, J. Chromatogr. B 652 (1994) 35.
[17] A. Zlatkis, R. S. Brazell, C. F. Poole, Clin. Chem. 27 (1981) 789.
115
[18] T. Watanabe, A. Namera, M. Yashiki, Y. Iwasaki, T. Kojima, J. Chromatogr. A 709
(1998) 225.
[19] E. H. M. Koster, N. S. K. Hofman, G. J. de Jong, Chromatographia, 47 (1998) 678.
[20] S. A. Coran, V. Giannellini, S. Furlanetto, M. Bambagiotti-Alberti, S. Pinzauti, J.
Chromatogr. A 915 (2001) 209.
[21] C. Kroll, H. H. Borchert, Pharmazie, 531 (1998) 172.
[22] B. J. Hall, J. S. Brodbelt, J. Chromatogr. A 777 (1997) 275
[23] D. Poli, E. Bergamaschi, P. Manini, R. Andreoli, A. Mutti, J. Chromatogr. B 732
(1999) 115.
[24] I. Koide, O. Noguchi, K. Okada, A. Yokoyama, H. Oda, S. Yamamoto, H. Kataoka,
J. Chromatogr. B 714 (1998) 205.
[25] F. Guan, K. Watanabe, A. Ishii, H. Seno, T. Kumazawa, H. Hattori, O Suzuki, J.
Chromatogr. B 714 (1998) 205.
[26] G. Shen, H. K. Lee, Anal. Chem. 74 (2002) 648.
[27] E. H. M. Koster, N. S. K. Hofman, G. J. de Jong, Chromatographia 47 (1998) 678.
[28] E. H. M. Koster, C. Wemes, J. B. Morsink, G. J. de Jong, J. Chromatogr. B 739
(2000), 175.
[29] E. H. M. Koster, C. Wemes, J. B. Morsink, G. J. de Jong, J. Chromatogr. B 739
(2000), 175.
116
Chapter 5. Three-phase Liquid-phase Microextraction
of Antidepressant Drug in Urine with High
Performance Liquid Chromatography
5.1. Introduction
      In this thesis, Section 2 introduced several two-phase LPME techniques such as
headspace LPME, solvent-drop LPME, and HFP-LPME. In these techniques, only two
phases were involved, organic-aqueous or organic-air. It is simple to couple these
microscale sample preparation methods to GC by direct injection of the organic phase.
However, this is not the case for particularly reversed-phase HPLC, for which
evaporation of organic extract to dryness and redissolving the residue in an aqueous
phase is necessary. For compounds that can only be analysed by GC with derivatization
because they are non-volatile, alternative techniques are HPLC and CE. The latter are
also necessary for thermally labile and polar anlaytes. To expand the scope and variety of
analytes that may be analysed by these two techniques, the final analytical sample should
preferably be in aqueous form. Thus, this requirement has fueled the development of
three-phase LPME in which the final extract indeed aqueous and therefore can be directly
analysed. Supported liquid membrane (SLM) [1] is one of them. In SLM, an organic
solvent is impregnated in a porous membrane sheet or hollow fiber which separates two
aqueous phases, i.e. donor and acceptor. The aqueous source phase containing the sample
is continuously pumped, while the aqueous receiving phase is often stagnant. The extract
is conveniently analysed by HPLC or CE [2,3]. The selectivity of the membrane interface
ensures that extractant, i.e. acceptor, is not affected by the complex matrices. Adjustment
of pH in the donor and acceptor solution is very important in order to obtain high
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extraction efficiency. SLM has been employed in the determination of basic and acidic
drugs from biological matrices [4,5,6].
     Flow injection extraction (FIE), another miniaturized LLE techniques, was developed
by Karlberg and Thelander in 1978 [7]. A typical FIE procedure was described in
Chapter 1. During the extraction, the organic or aqueous film is formed according to the
type of the tube materials (hydrophobic or hydrophilic). The compounds are extracted
into the film and then into the adjacent segments.
     In a dynamic LPME procedure [8], an organic solvent film was assumed to be formed
on the syringe barrel wall. The analytes were extracted into the film and then into the
bulk organic solvent phase. This technique was further developed based on headspace
extraction [9].
     According to the principles of FIE and dynamic LPME, in the present study, a three-
phase LPME occurring in a conventional HPLC syringe was developed. In this
procedure, two aqueous phases, the donor and the acceptor, are separated by a short
segment of organic solvent. With the movement of the plunger, the organic film or
aqueous film is generated on the syringe wall.
     The principles of this new microextraction technique and other parameters affecting
extraction efficiency were studied. The technique was applied to determine the




     Octane (purity >99.0%) was from Acros Organics (Morris Plains, NJ, USA).
Cyclohexane was purchased from Fisher Scientific (Fairlawn, NJ, USA). Toluene and
acetonitrile were purchased from J. T. Baker (Phillipsburg, NJ, USA) were of HPLC
grade. Trimipramine maleate and protriptyline hydrochloride (used as internal standard)
were purchased from Sigma (St. Louis, MO, USA). Ammonium acetate was from Ajax
Chemicals (Auburn, Australia). Standard stock solutions were prepared in pure water
(trimipramineat was dissolved in a mixture of water and acetonitrile) at a concentration of
approximately 1000 mg/L. A working solution of trimipramine was prepared by dilution
of the stock standard with ultrapure water prepared on a NANOpure (Barnstead, UK)
system. The internal standard was diluted with 0.1 M HCl to give a concentraction of 20
mg/L. These solutions were stored in the dark at 4 oC and were prepared weekly.
5.2.2. Chromatographic Analysis
     Analysis of the analyte was carried out on a Hewlett-Packard 1050 HPLC system
(Waldbronn, Germany). An IB-Sil CN BDS column (150 × 3.20 mm i.d., 5 µm particle
size) (Phenomenex, Torrance, CA, USA) was used for separation. The mobile phase
consisted of a mixture of acetonitrile - 5 mM ammonium acetate (86:14, v/v) adjusted to
pH 5.0 with acetic acid. The flow rate was 0.8 ml/min and the UV wavelength was 254
nm.
5.2.3. Procedure of Three-Phase LPME
     A 100-µL HPLC syringe (Hamilton, Reno, NV, USA) was employed to perform the
three-phase LPME. Briefly, three-phase LPME comprises the following steps (see Figure
5-1): (1) 25 µL of acidic acceptor (0.1 M HCL) was withdrawn into the syringe, followed
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by 2 µL of organic solvent; (2) the syringe needle was immersed immediately in the
sample; (3) 50 µL of sample was withdrawn into the syringe barrel by withdrawing the
plunger. After a pause of several seconds, the plunger was depressed (Note: the organic
solvent remained in the syringe barrel. It was discarded only prior to injection); (4) the
procedure was repeated. After extraction, the extract (acceptor) was injected directly into
the HPLC for analysis.
5.3. Results and Discussion
5.3.1. Film theory
     The film formation in gas/liquid and liquid/liquid FIE has been discussed [10,11].
Nord and Karlberg [12] discussed the formation of an organic film in a liquid-liquid
system. In their experiment, photographs were taken of their pentanol/water and
chloroform/water systems. They indicated that no film was formed when the flow rate
was zero. When segments started to move, organic film formation was observed on the
tubing wall (when hydrophobic materials were used). This was due to the higher affinity
for the tubing material by the organic phase. In this case, the aqueous segments were
sieged by organic phase. Conversely, if hydrophilic tubing material (glass or steel) was
used, the aqueous phase would form the film. Likewise, the organic phase will be sieged
by aqueous phase. Therefore, when the analytes were in the aqueous phase, non-polar
materials should be used in order to give very low dispersion. On the contrary, if the
analytes were in organic solvent, polar materials such as steel or glass should be used. In
these cases, the aqueous segments or organic segments were completely enclosed by
organic phase or aqueous phase, respectively.
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Figure 5-1. Diagram of three-phase LPME in a syringe.
                                          df = A × R (µη/γ) K                                                  (5-1)
     Above equation shows the relationship of the film thickness (df, cm), the barrel inner
diameter (R, cm), the flow rate (µ, cms-1), the viscosity (η, P) of the film-forming phase,
and the interfacial tension of aqueous/organic system (γ, dyne cm-2). A and K are
constants. It can be seen from this equation, the formation of the film is related with the
flow rate of the organic solvent and the quotient (η/γ). In order to obtain as thin a film as
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possible, the quotient (η/γ) should be minimized. For the same film-forming phase, the
film thickness depends on the flow rate.
     In our previous study [8], organic solvent film was also assumed to form in the
conventional GC syringe. The extraction occurred between aqueous sample and the film.
The film is generated by the capillary force between the solvent and the syringe barrel
wall. But in the present experiment, organic solvent film is difficultly formed in the
HPLC syringe barrel. This is because, on the one hand, the syringe wall is hydrophilic
material. On the other hand, the solvent surface tension force is superior to the capillary
force because of the large inner diameter of the syringe barrel which is different with GC
syringe. In order to enhance the formation of the organic solvent film, the syringe with
rough inner surface (same diameter and scale as that of syringe with smooth barrel
surface) was employed. Figure 5-2 shows the results of comparison between these two
syringes with different inner surface, smooth and rough, at different plunger movement
rate. It can be seen that for the syringe with rough inner surface, the extraction efficiency
increased significantly with the plunger movement rate in the range of 5- 50 µL/sec. For
the syringe with smooth surface, however, the extraction efficiency only increased
slightly when the rate increased from 10 µL/sec to 25 µL/sec. The extraction efficiency
was kept constant when the plunger movement rate > 25 µL/sec or < 10 µL/sec.
Compared with the smooth surface syringe, the extraction efficiency of syringe with
rough surface was much higher (about 2-4 times higher). This demonstrated that the
rough inner surface affected the extraction significantly. For the syringe with smooth
inner surface, the analyte mainly partitioned into the acceptor phase through the organic
segment slowly. During this procedure, the acceptor would be neutralized by contacting
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with the donor phase through the aqueous film. For the syringe with rough inner surface,
however, the film was formed even at low movement rate and thereafter provided high
extraction efficiency. In this procedure, the aqueous film only formed when the plunger
movement stopped because the organic film disappears by joining the organic segment.
Although at this moment the acceptor phase contacts with the donor phase, the
neutralization procedure was slower. Therefore, the rough-walled syringe was employed
and 50 µL/sec plunger movement rate was used.
      In this experiment, three organic solvents were investigated, toluene, n-octane, and
cyclohexane. Their ratios of viscosity/interfacial tension were 0.016, 0.0098, and 0.2
respectively. The lower the viscosity/interfacial tension was, the thinner the film was
formed, and thereafter the faster the partition was [12]. Therefore, n-octane could provide
fastest extraction among these three organic solvents. The experimental data also verified
that the highest extraction enrichment was obtained by n-octane. Accordingly, n-octane
was selected.
5.3.2. Optimization
5.3.2.1. Extraction Solvent Volume
     As seen from Figure 1, after one extraction cycle,
                                   Ao →←K  Aw                                      (5-2)
Where Ao is the organic phase, Aw is the acceptor aqueous phase, and K is the partition
coefficient. Therefore,





















Figure 5-2. The effect of different syringe movement rates and different syringe surface
on extraction.
According to mass transfer theory, there is:
                                   C0 Vd = Co Vo + Cw Vw                        (5-4)
C0, Co, and Cw are analyte concentration in the original sample solution, the organic
solvent and the acceptor phase, respectively. Vd, Vo, and Vw are volumes of the donor
phase, the organic solvent and the acceptor phase respectively. Combination of eqs (3)
and (4) gives:





0                                    (5-5)
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where C0Vd and Vw are constants for the experiment. Thus, the larger the volume of the
organic solvent used, the lower the extraction efficiency. This can be verified
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Figure 5-3. The effect of different organic solvent volumes on extraction.
5.3.2.2. Concentration of Acid (Acceptor) and Base (Donore)
     In three-phase LPME, the pH of the donor and acceptor phases is very important. In
the present study, the basic drug trimipramine was used as the model analyte in the donor
phase. Therefore, the pH of the donor phase should be sufficiently high in order to
maintain the drug in an uncharged state so that it can be effectively extracted into the
organic phase. Likewise, the acceptor should be sufficiently acidic so that the neutral
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drug in the organic solvent can be driven into the acceptor and prevents it from being
back-extracted. Thus, the different pH values of the donor and acceptor phases provide
the driving force in three-phase LPME. Various concentration of the acid acceptor and
base donor phases were adjusted by different concentrations of NaOH or HCL in the
range of 0.001 to 0.2 M were investigated in order to obtain the best extraction efficiency.
Table 5-1.
The effect of various concentrations of the donor phase and the acceptor phase on
extraction efficiency of trimipramine by three-phase LPME.




















     The results are shown in Table 5-1. It can be seen that the high extraction efficiencies
were obtained when the concentration of the base donor was the same as that of the acid
acceptor. The greater the difference between the concentrations, the lower the extraction
efficiency obtained. For example, when the concentration of the acid acceptor phase was
0.2 M and that of the base donor phase was 0.001 M, no trimipramine was detected. The
highest extraction efficiency was achieved when the concentrations of the acid acceptor
















Figure 5-4. The effect of pause time on extraction efficiency.
5.3.2.3. Pause Time
     The pause time is the standing time after the syringe plunger was withdrawn. The time
after the plunger was depressed was not considered since the experiment indicated that
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the partitioning of the analyte between the organic solvent and the acceptor was
completed quickly. Just was as shown in Figure 5-1, when the plunger was depressed, the
organic film could also be formed which might enhance the partition of analyte enriched
in the bulk solvent into the acceptor phase. Thus this time was only set to one second.
     As can be seen from Figure 5-4, the extraction efficiency increased dramatically when
the pause time varied from 1 to 5 seconds. Longer pause times increased extraction
efficiency only slightly. This indicated that the partitioning of the analyte between the
donor phase and organic solvent reached equilibrium. Therefore, 5 seconds was
employed.
5.3.2.4. Extraction Cycles
     The extraction cycle (withdrawal of sample followed by discharge) refreshes the
aqueous sample and renews the solvent film. 5, 10, 20 and 30 cycles were investigated.
Figure 5-5 shows the results. When the extraction cycle number >20, the extraction
efficiency did not increase significantly. However, it was found that the extraction
efficiency decreased when higher extraction cycles (40 or 50 cycles) was used. This was
explained in the previous part as that when the plunger movement was stopped, the
organic segment is sieged by the aqueous phase. This makes the donor phase and the
acceptor phase contact, resulting in the pH of the acceptor phase change. Ultimately, the
acidic acceptor would be neutral or even basic which led to analyte back-extracted into
organic segment. However, if the pause time was reduced to 1 second or less, higher
extraction efficiency was also achieved with more extraction cycles. However, this was
laborious and time-consuming. Thus, 20 extraction cycles were employed.
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     After above optimization, the most suitable extraction conditions were: the donor
phase (0.1 M NaOH solution of trimipramine) and the acceptor phase (0.1 M HCL
solution, 25 µL) were separated by 2 µL of organic solvent in LC syringe barrel with
rough wall. The donor phase sampled into the syringe barrel was 50 µL. The plunger






















Figure 5-5. The effect of extraction cycle on extraction efficiency.
5.3.3. Method Evaluation of Extraction of Trimipramine from Urine
     The trimipramine-free urine was from a healthy male. 0.5 mL of this urine was spiked
with trimipramine to give a concentration of 5 µg/mL. Appropriate amount of NaOH (0.1
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M) was added into the sample solution. It was extracted by 0.1 M HCL containing
protriptyline hydrochloride, a internal standard. After extraction, the extract was injected
directly into the HPLC.
     The repeatability, linearity and limits of detection were investigated. The spiked urine
sample was extracted seven times. The relative deviation standard (RSD %) was 4.40 %.
The linearity in the range 0.1 – 10 µg/mL was 0.9992. The limit of detection calculated at
a signal-to-noise ratio of 3 was 0.015 µg/mL.
5.4. Summary
     A new approach to three-phase LPME procedure was developed. A conventional
HPLC syringe was employed to carry out the extraction. A small segment of organic
solvent was used as the extraction media sandwiched between the acceptor and the donor
phases. The film theory was assumed to be the main extraction principle. Various
parameters affecting the extraction procedure were optimized for trimipramine in urine.
The experimental results indicated that the method provided good precision (4.40%
RSD), linearity (r2=0.9992) and sensitivity (LOD = 0.015 µg/mL) for this analyte.
     The present method was very fast (the whole extraction procedure took <2.5 minutes),
convenient and inexpensive. The future work may be concentrated on identifying the
extraction principle and the reason why the syringe with rough wall can provide higher
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Chapter 6. Conclusions
     Several new types of microextraction techniques, namely two-phase liquid phase
microextraction (headspace LPME and HFP-LPME) and three-phase liquid phase
microextraction, were developed and applied to the determination of environmental
pollutants and drugs in biological matrices.
     In Section 2, two modes of LPME, headspace LPME (HS-LPME) and solvent-drop
LPME, applied to determine environmental pollutants in soil and aqueous matrices were
reported. In HS-LPME, the organic solvent film (OSF) formed in the syringe barrel
through the movement of plunger was used as the extraction interface. The experiment
indicated that the solvents suffered no significant loss since they were afforded greater
protection within the syringe barrel, thus permitting a wider selection of organic solvents
than normal headspace LPME.
     Because only 2 µL of organic solvent and 25 extraction cycles (ca. 4.2 min) were
employed, the method was inexpensive and fast. HS-LPME is a one-step microextraction
technique. Moreover, it has the potential of being automated which should ensure better
precision and sensitivity than achievable by the current manually-operated system. HS-
LPME provides an alternative method for analysis of volatile compounds in “dirty”
matrices
     Solvent-drop LPME was applied to extract triazine herbicides in various aqueous
samples, followed by GC/MS analysis. The detection limits for the 8 triazines extracted
by 2 µL of toluene could meet the requirements of USEPA Drinking Water Regulations
(except simazine). Good linearity, precision and recoveries were also obtained. All of
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these indicated that LPME is applicable as a fast screening method for environmental
pollutants in aqueous samples.
     There are some disadvantages of these two methods. Firstly, the procedure of HS-
LPME is generally more applicable to compounds with high Henry’s Law constants.
Secondly, in comparison to SPME, HS-LPME gives poorer although still acceptable
detection limits compared to USEPA Method 8270. However this can be balanced by
significantly shorter extraction time (∼4.2 min vs. 60 min), low cost and convenience.
With automation, more extraction cycles would possibly address this drawback. For
solvent-drop microextraction, improvement of the sensitivity and reduction in matrix
effects would represent possible future work.
     In chapters 3 and 4, HFP-LPME was described. In HFP-LPME, the organic extractant
solvent was protected by a porous polypropylene hollow fiber during extraction.
Compared with static LPME (solvent-drop LPME), higher enrichment factors, better
linearity and repeatability were obtained. Compared with EPA Method 507 (LODs from
0.1-0.2 µg/L), the newly developed microextraction procedure could achieve LODs
ranging from 0.007-0.063 µg/L, exceeding the requirement for triazines analysis in
aqueous samples. In addition, because of the selectivity of the porous hollow fiber
membrane, the technique could be used to extract triazines from “dirty” matrices. HFP-
LPME is also conveniently compatible to GC, but unlike LLE, there is no necessity of
evaporation of extract before injection. For every new extraction, a fresh piece of fiber is
employed, so that carry-over is eliminated. Compared with commercially available
SPME fibers, polypropylene hollow fiber is considerably cheaper.
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     In Chapter 4, the application of HFP-LPME to extract environmental pollutants from
water and drugs from biological matrix was reported. Environmental pollutants with a
range of chemical structures and physicochemical properties were used as target analytes.
The results indicated that the extraction of this method was a faster procedure for all
pollutants. The maximum extraction efficiency for most of them could be obtained at 20
min. The experiments identified that HFP-LPME was a good method for routine analysis
of environmental pollutants. Environmental pollutants could be determined at the ng/L
levels.
     The method was also employed to extract the drugs in urine samples. Some important
parameters especially deproteinization procedure were discussed. The results showed that
deproteinization and addition of salt were very important to obtain higher extraction
efficiency. The combination of deproteinization and HFP-LPME provided good linearity,
precision, recoveries and sensitivity in extraction of LAs from urine sample. HFP-LPME
provided good selectivity to urine sample in extracting LAs. Thus it can be concluded
that the present method is an effective and selective method in biological analysis.
     In chapter 5, a new approach of three-phase LPME procedure was described. A
conventional HPLC syringe (with rough wall) was employed to carry out the extraction.
A small segment of organic solvent was used as the extraction medium sandwiched
between the acceptor and the donor phases. The film theory was assumed to be the main
extraction principle. Future work may be concentrated on identifying the extraction
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